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ABSTRACT 
DEVELOPMENT OF AN IMMUNOASSAY FOR THE QUANTIFICATION OF 
CAPSAICINOIDS IN DIFFERENT MATRICES 
SEPTEMBER 1997 
YONG WANG 
B.S., CHEMISTRY, NANKAI UNIVERSITY, TIANJIN, CHINA 
M.S., CHEMISTRY, NANKAI UNIVERSITY, TIANJIN, CHINA 
M.S., ENTOMOLOGY, UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by': Professor Chih-Ming Yin 
Capsaicinoids, the alkaloid compounds that produce the hot flavor or pungency 
in hot peppers, are a class of small, non-immunogenic molecules that must be 
conjugated to a large carrier molecule to generate an immunological response in 
mammals. The major capsaicinoids, capsaicin and dihydrocapsaicin, were covalently 
conjugated through their phenol groups to a five carbon spacer, which was then 
conjugated to a carrier protein. The active N-hydroxysuccinimide ester method was 
used for the coupling step. Human serum albumin and bovine serum albumin were 
selected as carrier proteins to allow the incorporation of high densities of capsaicin and 
dihydrocapsaicin haptens respectively. The immunogens described above were used to 
generate polyclonal antibodies that were specific and sensitive for the class of 
capsaicinoids. These antibodies, however, could not distinguish capsaicin from 
dihydrocapsaicin. 
VI 
An enzyme-linked immunosorbent assay (ELISA) was developed for the 
analysis of capsaicinoid standard at sub-nanogram level. The assay was found to be 
simple, sensitive, reliable, economic, and quick, when compared to the standard high 
pressure liquid chromatography (HPLC) method for capsaicinoid analysis. 
The ELISA developed here was successfully applied in the analysis of 
capsaicinoids in different matrices, including peppers and pharmaceutical products. 
Because of the high sensitivity of the assay itself, simple dilution was sufficient to 
minimize the effect of matrix interferences to detect capsaicinoids accurately in 
different matrices. Both ELISA and standard HPLC methods were reproducible and 
showed good correlation (r2 are 0.93 and 0.95 for dry red peppers and pain-relief 
creams) . Several matrix components and intermediates of capsaicinoid biosynthesis in 
peppers were examined for possible cross-reactivities to the antibodies. 
In a field study that examined the capsaicinoid contents in the peppers by 
immunoassay, it was found that capsaicinoid level was reversibly correlated to the 
damage level caused by European com borers. This finding pointed to a possible 
strategy for insect control through the application of capsaicinoids. 
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CHAPTER I 
INTRODUCTION 
1.1 Importance of capsaMnoids in the food, pharmaceutical, and pest management 
industries 
Capsaicinoids, alkaloid compounds that produce the hot flavor or pungency 
associated with eating chili, are commonly found in the genus Capsicum. There are 
seven different capsaicinoids, and the hot flavor is generally made up of at least two 
compounds although in some plants all of these compounds may be present. The 
structures and threshold pungency of 5 of these 7 capsaicinoids, as determined by the 
sensory method are given in Figure 1 (Todd et al, 1977). Because of their extensive 
uses in the food industry (Govindarajan, 1985; 1986), pharmaceutical products 
(Govindarajan and Sathyanarayana, 1991; Wood, 1993; Palevitch and Craker, 1995; 
Surh and Lee, 1995), and wildlife and pest management to protect agricultural crops 
(Cowles et al., 1989; Andelt et al., 1994), the rapid and sensitive measurement of 
capsaicinoids has become important. 
More than a million hectares of peppers are grown annually in the world, nearly 
25 percent of the world population uses Capsicum peppers on a daily basis, making the 
Capsicum peppers, by volume, one of the most frequently grown and consumed of all 
spices (Palevitch and Craker, 1995). Production of Capsicum peppers has increased at a 
rate of 15 percent during the past decade (Palevitch and Craker, 1995). Most of 
Capsicum products such as red peppers, chili peppers, and oleoresin red peppers are 
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traded on the basis of their pungency which is related to the level of capsaicinoids 
present. Capsaicinoids are present in various chili peppers in relatively low levels, and 
typically range from 0.1 mg/g in chili pepper to 2.5 mg/g in red pepper and 60 mg/g in 
oleoresin red pepper (Parrish, 1996). The capsaicinoid content in the pepper fruit is 
variable, depending on genetic traits, but is subject to considerable modification by 
environmental factors (Suzuki and Iwai, 1984). 
Capsaicinoids also have medical functions. Among all capsaicinoids, capsaicin 
is the only chemical entity from Capsicum recognized by the U.S. Food and Drug 
Administration (FDA) as a counter-irritant for external use as an over-the-counter 
analgesic drug product for humans (Palevitch and Craker, 1995). At the present time, 
capsaicin appears to be one of the most commonly investigated natural compounds. A 
search on the Medline data base for the past 11 years (1985-1996) indicated 2086 
articles which embodied the key word capsaicin. In the Scientific Citation Index, 
capsaicin was used as key word in 165 articles in 1994, 178 in 1995, and 192 in 1996. 
The scientific interest in capsaicin arose following a demonstration of selective 
action on the structure of unmyelinated sensory fibers (Jancso et al., 1977). In the last 
decade, capsaicin has been established as an essential tool in neurological studies on the 
function of unmyelinated afferent neurons and on the neuronal mechanisms of pain 
(Holtzer, 1988; 1991; Wood, 1993). Capsaicin is used also for pharmacotherapy to treat 
several pain disorders (Palevitch and Craker, 1995). 
Capsaicin has been reported to cause activation followed by desensitization of 
the sensory neurons on acute as well as chronic treatment (Maggi and Meli, 1988). This 
neuronal activation has been shown to be responsible for the pain, inflammation and 
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hypersensitivity caused by application of a single dose of capsaicin. Repeated 
treatments with capsaicin, however, provide analgesic and anti-inflammatory activity. 
The mechanism of the capsaicin-induced activation and later desensation of sensory 
neurons has been intently studied by various groups of scientists (Wood, 1993). 
Besides its medical uses, capsaicin has detrimental effects that can lead to 
toxicity including mutagenesis, necrosis, and carcinogenesis, etc. (Surh and Lee, 1995). 
However, capsaicin possesses chemoprotective activity against some chemical 
carcinogens and mutagens, and it has been suggested that it exerts such chemoprotective 
effects through modulation of the metabolism of carcinogens and their interaction with 
target cell DNA (Wattenberg, 1993; Stavric, 1994). 
Since capsaicinoids have shown deterrent or repellent properties toward different 
species of insects and animals, pepper products have been used in pest management and 
wild animal management to protect agricultural crops (Cowles et al., 1989; Andelt et 
al., 1994). The resistance of some pepper plants to insect pests and disease are also 
related to the content of capsaicinoids (Gal, 1965; Gutsu et al., 1982). Because birds, 
unlike mammals, have no specific receptors in sensory system for capsaicinoids, 
capsaicin-treated birdseeds can delight birds but repel capsaicin-sensitive intruders such 
as squirrels, and thus provide protection. Some commercial pepper-treated products are 
being registered as pesticides to the Environmental Protection Agency (Rouhi, 1996). 
There are many methods for the analysis of capsaicinoids. The first reported 
reliable measurement of chili pungency is the Scoville organoleptic test (Scoville, 
1912). This test uses a taste panel of five individuals who evaluate a chili sample and 
then record the hot flavor level. A hot chili sample is then diluted until pungency can no 
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longer be detected by taste. This dilution is referred to as the Scoville Heat Unit. This 
test is subjective, and very labor and time consuming. Currently, instrumental methods 
are widely used to replace the Scoville organoleptic test. Analysis of capsaicinoids is 
conducted by using spectrophotometric (Ramos, 1979; Bajaj, 1980; Rymal et al., 1984), 
gas chromatographic (Krajewska and Powers, 1987), and high-performance liquid 
chromatographic (HPLC) procedures [Wooddbury, 1980; Saria et al., 1981; Hoffman et 
al., 1983; Law, 1983; American Spice Trade Association (ASTA), 1985; Attuquayefio 
and Buckle, 1987; Cooper et al. 1991]. HPLC provides accurate and reliable analyses of 
content and type of capsaicinoids. However, the HPLC method is time- and labor¬ 
consuming, especially for a large amount of samples. Clearly, rapid and accurate 
analysis of capsaicinoids is still a challenge (Finne, 1994). 
The immunoassay method has recently been used in a variety of analysis. It 
provides a very sensitive, specific, rapid, reliable and economic method to analyze all 
kinds of small molecules, such as pesticides, food components, drugs, steroid hormones 
(Mei, 1992), etc.. Since immunoassay for capsaicinoids is not available, the major 
objective of this thesis is to develop this assay for capsaicinoids. 
1.2 Development of an immunoassay for capsaicinoids 
Capsaicin, (E) - N - [(4 - Hydroxyl - 3 - methoxyphenyl) - methyl] - 8 - methyl - 
non - 6 - enamide, and dihydrocapsaicin, N - [(4 - Hydroxyl - 3 - methoxyphenyl) - 
methyl] - 8 - methylnonanamide, are the two dominant components responsible for 
about 90% of the total pungency in most peppers and related products (Iwai et al.. 
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1979b), and 90-100% of capsaicinoids are capsaicin and dihydrocapsaicin in three 
Capsicum peppers (Leete and Louden, 1968). They are small molecules (Mr 305 for 
capsaicin and Mr 307 for dihydrocapsaicin) which can not directly arouse an 
immunological response from animals. For immunogenesis, the critical step is to 
covalently link capsaicin or dihydrocapsaicin to a carrier protein, resulting in two 
respective conjugate antigens. These conjugate antigens are expected to produce specific 
polyclonal antibodies against capsaicin and dihydrocapsaicin, respectively. The 
antiserum produced is available for the development of an enzyme-linked 
immunosorbent assay (ELISA). 
Antigen synthesis for small molecules is often a challenge. The antibodies 
obtained from synthetic conjugated antigens may or may not specifically recognize the 
target small molecules. The mechanism behind this effect is not well understood. 
However, there are some general rules to follow that may help to maximize the desired 
effect (Harrison et al., 1991; Goodrow et al., 1995). Numerous studies have 
demonstrated that several factors are important to antibody specificity, such as the 
coupling location on the small target molecule with carrier protein, coupling chemistry, 
coupling ratio between small target molecule and carrier protein, and the choice of 
spacer arm, etc. (Hammock and Mumma, 1980; Harrison et al., 1991; Goodrow et al, 
1995). A better understanding of the chemistry of capsaicinoids and careful synthetic 
design of conjugated antigens could help in the generation of the desired antibodies. 
The principle of synthetic pathway selection involves the use of those reactions 
exhibiting the minimum number of synthetic steps and most the stable conjugation 
chemistry. Several synthetic pathways were considered for the synthesis of capsaicinoid 
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antigens (personal communication with Carpino, L.A.), although only one of them was 
finally selected. Others could be significant not only in immunochemical research but 
also in organic synthesis, because the synthetic chemistry of capsaicinoids still is a 
challenge to chemists (Hoffman et al., 1983; Wood, 1993). 
It was hoped to obtain antibodies that would specifically detect total 
capsaicinoids and others that would distinguish capsaicin and dihydrocapsaicin. A 
synthetic scheme with 4 steps had been selected with stable conjugation chemistry. This 
scheme produced synthetic antigens for both capsaicin and dihydrocapsaicin. These 
antigens were used to produce antibodies and as coating antigens in an enzyme linked 
immunosorbent assay (ELISA). 
1.3 Possible uses of capsaicinoid ELISA 
This thesis reports the development of an ELISA for capsaicinoids as an 
additional analytical methods for capsaicinoid determination. Because of its simplicity, 
the ELISA method may be extremely useful for quality control purposes when there are 
a huge number of samples, such as in the food industry. Large sample size and the high 
cost associated with instrumental techniques provide a good opportunity for 
immunoassay to become an alternative analytical method. 
An immunoassay for capsaicinoids could be used in the detection of 
capsaicinoids in capsaicin-contained pharmaceutical products. This also could provide a 
simple analytical method for quality control. Moreover, synthetic capsaicinoid antigens 
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and antibodies could be used in the research of pain receptor. Such studies could lead to 
research in pain mechanism and possible therapeutic strategies. 
Pepper products have also been used in pest management and wildlife 
management (Cowles et al., 1989; Andelt et al., 1994; Short, 1994). They have been 
shown to deter or repel insect pests and wild animals to prevent crop damages. 
Therefore, the accurate and rapid determination of capsaicinoids would increase 
significantly the efficiency of field investigation of capsaicinoid involving materials. A 
simple, effective ELISA method for capsaicinoids, for example, could be used to 
establish a quantitative correlation between the capsaicinoid content of pepper and the 
pest resistance of pepper plants. 
7 
Figure 1. Structure and relative sensory heat values (Scoville heat unit, SHU) of 
individual capsaicinoids (Modified from Todd et al1977). 
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Capsaicinoids Relative heat values 
Capsaicin 
O 
O 
16.1 x 106 
16.1 x 106 
Nordihydrocapsaicin 
Homodihydrocapsaicin 
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CHAPTER II 
LITERATURE REVIEW 
2.1 Chemistry and occurrence of capsaicinoids 
2.1.1 Chemistry of capsaicinoids 
A number of reviews on the identification of the pungent principles of red or 
chili pepper species exist (Kosuge and Furata, 1970; Mathew et al., 1971, Suzuki and 
Iwai, 1984). Because of its strong pungency and irritating effect, the pungent principle 
of Capsicum fruit has long been of interest. As early as 1810, the pungent substance of 
Capsicum fruit has been studied under the names of capsicol, capsaicin, capsacutin, etc. 
(Kosuge and Furuta, 1970). In 1876, Thresh first isolates the pungent substance in 
crystalline form from cayenne peppers (Thresh, 1876; 1877). Thresh names it capsaicin 
after a compound from the genus Capsicum. The formula C9H1402 for capsaicin 
assigned by Thresh (1877) is now known to be incorrect and the presence of the 
nitrogen atom is overlooked. 
Later, Micko (1898) correctly proposes the formula Ci8H28N03 for capsaicin, 
which is obtained as crystals of m.p. 63.5 °C. Micko also establishes the presence of a 
phenolic hydroxyl group and a methoxyl group in the capsaicin molecule, which 
consequently leads to its establishment in the vanillin group of compounds. On the basis 
of his empirical formula, Micko (1898) proposes the chemical formula 
C17H24ON(OH)(OCH3) for capsaicin. In 1910, Nelson isolates crystal “capsaicin” with 
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m.p. 64.5 °C. In his subsequent publications (1919; Nelson and Dawson, 1923), Nelson 
establishes the chemical structure of capsaicin as the vanillylamide of 8-methylnon-6- 
enoic acid, or N-(4-hydroxy-3-methoxybenzyl)-8-methylnon-6-enamide. In this work, 
vanillyamine and 8-methylnon-6-enoic acid are obtained by acid and alkaline 
hydrolyses of capsaicin isolated from Capsicum fruits, and capsaicin is obtained from 
vanillyamine and 8-methylnon-6-enoic acid chloride. Crombie et al. (1955) confirm the 
chemical structure of capsaicin as N-(4-hydroxy-3-methoxybenzyl)-8-methylnon-6- 
trans-enamide, although Lapworth and Royle (1919), competing with Nelson, propose 
that capsaicin has the structure of a dihydrooxazole derivative. 
However, Kosuge and co-workers (1958) first report that the chemically pure 
“capsaicin” is a mixture of two closely related compounds. The “pure capsaicin” gives 
two components in a ratio of 2.1:1 by paper chromatography and subsequent 
colorimetric determination. The “pungent component F is found to be capsaicin, and 
the other minor component, “pungent component n," is identified as N-(4-hydroxy-3- 
methoxybenzyl)-8-methylnonenamide (Kosuge and Furuta, 1970). Since the double 
bond of the acyl residue of the latter compound can be hydrogenated, Kosuge and Furata 
(1970) name the new compound dihydrocapsaicin. The heterogeneity of “pure 
capsaicin” has also been recognized in material originating from other Capsicum species 
such as Capsicum annuum L. var. parvoaccuminatum Makino (Santaka), Capsicum 
annuum var. fasciculatum Irish (Kosuge et al, 1958). 
In their study using nuclear magnetic resonance (NMR), mass spectrometry 
(MS), and radioisotopic techniques, Bennett and Kirby (1968), speculate that natural 
capsaicin is composed of at least five closely related amides, three of which are now 
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recognized as nordihydrocapsaicin (Mr 293, C17H27NO3), homodihydrocapsaicin (Mr 
321, C19H31NO3), and homocapsaicin (Mr 319, C19H31NO3). Capsaicin is recognized to 
be the major component, constituting 70% of total pungent acid amides, while 
dihydrocapsaicin amounts 30% or less. Remaining components are found only in trace 
amounts. 
Bennett and Kirby’s speculation is confirmed by Kosuge and Furuta (1970). 
Nordihydrocapsaicin and homodihydrocapsaicin are shown to be N-(4-hydroxy-3- 
methoxybenzyl)-7-methyloctanamide and N-(4-hydroxy-3-methoxybenzyl)-9- 
methyldecanamide, respectively. No capsaicin with a cis configuration has been 
reported so far. The formula of homocapsaicin is assigned as N-(4-hydroxy-3- 
methoxybenzyl)-9-methyldecenamide by Bennett and Kirby (1968); the exact position 
of the double bond in the branched amide substitute is left open. Masada et al. (1971) in 
their paper present the 9-methyldec-7-enoyl residue as the acyl part of homocapsaicin. 
Jurenitsch et al. (1979a) examine the double bond position of homocapsaicin by 
oxidization with osmium tetroxide and subsequent analysis by gas-chromatography- 
mass spectrometry. They find that the double bond in the acyl residue is at carbon 6 and 
that homocapsaicin is the vanillylamide of 9-methyldec-6-r/Yms-enoic acid. Besides the 
five analogs speculated by Bennett and Kirby (1968) to occur naturally, Jurenitsch and 
coworkers (Jurenitsch et al, 1979a; 1979b; Jurenitsch, 1979; Jurenitsch and Woginer, 
1982) find and identify several more analogs as minor components of capsaicinoids in 
Capsicum fruits. These compounds are refereed to as “homodihydrocapsaicn IT’, 
“homocapsaicin E”, and “nordihydrocapsaicin IT’ , and have anteiso acid type acyl 
residues in their fatty acid chains. 
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The term “capsaicinoids”, first proposed by Kosuge et al. (1958) to describe 
capsaicin and dihydrocapsaicin, is now widely used for compounds derived from 
capsaicin itself as well as its analogs. Some chemical properties established for 
capsaicin and some of its analogs are summarized below (Newman, 1953; Weissbach, 
1973; Windholz, 1976). 
Capsaicin [N-(4-hydroxy-3-methoxybenzyl)-8-methylnon-6-trans-enamide]: 
C18H2703N, Mr 305.199, odorless white crystalline needle with severe burning 
pungency; m.p. 64.5 °C, b.p. at 0.01 mm Hg = 210 - 220 °C, sublimes at 115 °C; UV 
Amax 227, 281 nm (c = 7000, 2500); easily soluble in ethyl ether, ethyl alcohol, acetone, 
methyl alcohol, carbon tetrachloride, benzene, and hot alkali; slightly soluble in carbon 
disulfide, hot water, and cone. HC1; practically insoluble in cold water ; fairly resistant 
to acids and alkalis at ordinary temperatures. By alkaline hydrolysis with 25% sodium 
hydroxide at 180 °C in an autoclave for 30 min, capsaicin gives 8-methylnon-6-/Am5'- 
enoic acid and pyrocatechin or other decomposed phenolic products from vanillylamine 
with release of ammonia (Nelson, 1919). It affords 3-methoxy-4-hydroxybenzylamine 
hydrochloride by acid hydrolysis with hydrochloric acid and isobutyric acid plus 
vanillylcarbamoyl ipentanoic acid by ozonolysis (Kosuge and Furuta, 1970). 
Dihydrocapsaicin [N-(4-hydroxy-3-methoxybenzyl)-8-methylnonanamide]: 
C18H2903N, Mr 307.215, odorless white opaque crystals with strong pungency; m.p. 65.6 
-65.8 °C; UV Amax below 230 nm, 281 nm in abs. ethyl alcohol; solubility is almost the 
same as that of capsaicin. 
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Nordihydrocapsaicin [N-(4-hydroxy-3-methoxybenzyl)-7-methyloctanamide]: 
C17H2703N, Mr 293.199, white crystals with strong pungency; m.p. 65.6 °C; UV Amax 
280.5 nm in abs. ethyl alcohol; 
The detailed chemical properties of other analogs have not yet been established. 
2.1.2 Occurrence of capsaicinoids in Capsicum species 
Prior to review of studies on the occurrence of capsaicinoids in the various 
Capsicum species, a taxonomical introduction to Capsicum species should be made. The 
so-called red peppers have been familiar to nearly all South Americans by the Arawakan 
name aji and by the Nahuatlan name chili in Mexico and Central America (Sauer, 
1963). The genus Capsicum, which is commonly known as “red chile”, “chili peppers”, 
“hot red peppers”, “tabasco”, “paprika”, and “cayenne” etc., is a member of the 
Solanaceae (nightshade family) that originated in Central and South America. In some 
books the popular name “chili” or “chile” is explained by reasoning that the hot pepper 
species originated in the South American country of Chile; however, the name “chile” 
seems to have nothing to do with the country name, and, on the contrary, it apparently 
originates in a district of Central America. Capsicum species are thought to be of 
Central American origin, but one species was introduced to Europe in the fifteenth 
century. By the middle of the seventeenth century, the Capsicum pepper (more correctly 
C. annuum var. annuum) has become cultivated throughout southern and middle Europe 
and transferred to the Asian and African tropical and subtropical regions as a spice 
and/or medicinal drug. 
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It is generally believed that about 20 Capsicum species are distributed 
worldwide. However, the question of exactly how many species are involved is still 
controversial. Heither (1973) recognizes five species as the fundamental cultivated 
species of Capsicum: C. annuum, C. frutescens, C. Chinese, C. pendulum, and C. 
pubescence. On the other hand, Pickersgill (1971) recognizes four species as the 
fundamental cultivated species: C. annuum var. annuum, C. Chinese, C. baccatum var. 
pendulum, and C. pubescence. According to the latter, C. frutescens is not regarded as a 
cultivated variety but as a semicultivated one. The following species are regarded as the 
ancestral species for the individual cultivated species: C. annuum var. minimum for C. 
annuum var. annuum, C. frutescens for C. Chinese, C. baccatum var. baccatum for , C. 
baccatum var. pendulum, and C. eximium for C. pubescent, pendulum. C. annuum var. 
minimum is believed to have originated in Mexico, C. frutescens in swamps around the 
higher reaches of the Amazon river in Colombia and Peru, C. baccatum var. baccatum 
in southern Peru and Bolivia, and C. eximium in mountainous areas of southern Peru 
and northern Bolivia, The majority of cultivated varieties of Capsicum belong to C. 
annuum var. annuum. species other than C. annuum var. annuum have not yet been 
cultivated outside the New World. Any Capsicum species that accumulates only small 
amounts of, or no, capsaicinoid belongs to C. annuum var. annuum. 
As regards the question of where capsaicinoids are formed, accumulated, and 
secreted in the Capsicum plant, various theories have been presented. Prokhorova and 
Prozorovskay (1939) report that a maximum amount of capsaicinoid is found in the 
inner walls (placenta and dissepiment) of Capsicum fruits. These results show that 
pericap and seeds contain practically no capsaicinoids. In contrast, Tandon et al. (1964) 
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insist that pericap and seeds are the major organs of capsaicinoid secretion and 
accumulation. However, in these cases unsuitable experimental procedures seem to have 
led to the wrong conclusions. It should be kept in mind that the site of capsaicinoid- 
secreting organs and receptacles may be species specific, so we should not blindly 
conclude that the sites of capsaicinoid secretion and accumulation exist in the placenta 
and dissepiment in all Capsicum plants. 
Neumann (1966) is the first person who tries to locate the site of capsaicinoid 
formation in Capsicum species using grafting and tracer techniques with 14C-labeled 
CO2. He applies reciprocal grafting between C. annuum and Lycopersicon esculentum 
(tomato). No capsaicinoids are detected in the grafted ripened tomato fruit (the root of 
which is C. annuum). However, capsaicin is isolated from grafted Capsicum fruit. 
Neumann therefore concludes that capsaicin should be only synthesized in the fruit of 
Capsicum plants. 
Iwai and colleagues (1979a; 1979b) afterward confirm Neumann’s conclusions 
in their study using a radioisotopic tracer technique. They compare the incorporation of 
DL-[3-14C] phenylalanine into capsaicinoid molecules during incubation with various 
isolated organs of C. annuum var. annuum c.v. Karayatsubusa, such as the root, stem, 
leave, the pericap of the fruit, and the placenta of the fruit. After incubation for 40 h at 
30 °C, the highest incorporation of DL-[3-14C] phenylalanine into capsaicinoid (54,800 
cpm/g of tissue) is found in the placenta of the fruit. The radioactivity of capsaicinoid 
recovered from pericap, on the other hand, is only 1,800 cpm/g of tissue; root shows 
4,000 cpm/g of tissue, which might suggest some capsaicinoid formation in the root. 
These workers confirm that the major site of accumulation of capsaicinoids is “placenta 
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and dessepiment”. In their subsequent work to reveal the intracellular localization of 
capsaicinoid (Suzuki et al., 1980; Fujiwake et al., 1980a), these investigators reach the 
conclusion that capsaicinoid is located mostly in the vesicles or vacuole-like subcellular 
organs of the epidermal cells of placenta, isolated from other subcellular organs. Since 
capsaicinoid itself could also be considered toxic to plant mitochondria by inhibiting 
oxidative phosphorylation, as reported in mammalian tissue (Chudapongse and 
Janthasoot, 1976) such localization of capsaicinoid in the plant tissue seems to be 
reasonable. 
Fluctuation of capsaicinoid content in Capsicum fruit is found at different 
growth stages after flowering (Iwai et al., 1979a). It was found that capsaicin content is 
low in the young green stage, reaches its maximum in the mature green stage, but drops 
somewhat in the ripening stage. Kosuge and Furuta (1970) report that capsaicinoids 
begin to accumulate around 10 to 20 days after flowering, and the ratio of capsaicin to 
dihydrocapsaicin remains constant around 1.0: 0.4 - 0.5 throughout the various stages 
following flowering. This observation indicates that both capsaicin and 
dihydrocapsaicin are formed from the beginning in a constant ratio. The maximum 
capsaicinoid content if found around 30-40 days after flowering in both C. annuum var. 
annuum. c.v. Takanotsume and C. annuum var. annuum. c.v. Yatsubusa with a slight 
decrease of capsaicinoid content after the 40th day. By exposing 14CC>2 to fruits of 
various ages, Neumann (1966) finds that incorporation of 14CC>2 into the capsaicin 
molecule takes place only in young fruits. The total amount of capsaicinoids synthesized 
during 14CC>2 incorporation remains constant until maturity. 
17 
Contemporary research on the biosynthetic pathways of capsaicin and its analogs 
are pioneered by British scientist Bennett and Kirby (1968) and by American scientists 
Leete and Louden (1968). Applying radioisotopic techniques to the fruit of C. annuum, 
they reveal that the formation of the aromatic part of capsaicinoid molecules shares the 
pathway with that of general phenylpropanoid metabolism, which is common to all 
higher plants. This pathway begins with phenylalanine, followed by formation of 
cinnamic acid, coumaric acid, caffeic acid, ferulic acid, vanillin, and vanillylamine, and 
finally capsaicinoid (Figure 2). 
The formation of the fatty acid part of capsaicinoid molecules and the 
condensation reaction between vanillylamine and fatty acids are studied in vitro 
separately by Iwai’s group (Suzuki et al., 1981; Fujiwake et al., 1982a; 1982b) and 
Jurenitsch’s group (Kopp et al., 1980; Kopp and Jurenitsch, 1981; 1982). Iwai et al 
(1978) find a new Capsicum species of C. annuum var. annuum. c.v. karayatsubusa in 
which there is a capsaicinoid-synthesizing enzyme of very high activity. This enzyme 
catalyzes the condensation reaction between vanillylamine and fatty acids to form 
capsaicinoids. By using this newly adopted species, Iwai and colleagues have provided 
us with original information on capsaicinoid biosynthesis. A two-step reaction between 
vanillylamine and fatty acids leads to the formation of capsaicinoids in vitro, i.e., first, 
fatty acid activation, followed by condensation. The fatty acid activation reaction 
requires coenzyme A, ATP, and magnesium ion as cofactors. It is also found that 7- 
methyloctanoyl-CoA, the acyl residue for nordihydrocapsaicin, is used most effectively 
as the acyl donor for capsaicinoid formation in vitro. On the other hand, 5- 
methylhexanoyl-CoA, 6-methylheptanoyl-CoA, and 10-methylundecanoyl-CoA are not 
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used as acyl donors. When equivalent amounts of 7-methyloctanoyl-CoA, 8- 
methylnonanoyl-CoA, 8-methyl-6-nonenoyl-CoA, and 9-methyldecanoyl-CoA are 
added together as acyl donors, the major product is nordihydrocapsaicin. However, in 
nature, the proportion of nordihydrocapsaicin in the total capsaicinoid is only small. The 
mechanism by which capsaicin and dihydrocapsaicin are formed as the major natural 
components in most Capsicum fruits has not yet been elucidated. 
It is fairly difficult to reveal the biosynthetic mechanism of capsaicinoid 
formation in the intact subcellular organelles and/or cell free extracts prepared by 
conventional enzymology techniques because the subcellular organelles, especially 
vacuoles, the main site of capsaicinoid formation and accumulation, are mostly 
disrupted or inactivated during cell fractionation. Even if the cell-free system could be 
used efficiently, the data do not necessarily reflect the biochemical status in vivo. 
Iwai’s group (Suzuki et al., 1981; Fujiwake et al, 1982a) try to ease the 
difficulty by replacing the conventional materials with macerated cells such as 
spheroplasts and protoplasts. Since both spheroplasts and protoplasts are intact cells, 
results from the use of these cells are expected to reflect real-time status better than the 
cell-free system. Especially the efficiency of incorporation of substrate into cells should 
be much higher than in whole fruits, tissue homogenates, or slices. The same pathway of 
formation for the aromatic part of the capsaicinoid molecule which has been described 
previously is confirmed. 
Jurenitsch’s group (Kopp et al., 1980; Kopp and Jurenitsch, 1981) and Iwai’s 
group (Suzuki et al, 1981) almost simultaneously report in separate experiments that 
acyl residues with even-numbered and odd-numbered iso type chains and anteiso type 
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fatty acids are synthesized from valine, leucine, and isoleucine, respectively. The acyl 
moieties of individual capsaicinoids in Capsicum fruits are synthesized by pathways 
similar to those proposed for animals and bacterial by Kaneda (1977); that is, L-valine is 
converted to a-ketoisovalerate, then to isobutyryl CoA after decarboxylation, followed 
by conversion to even-numbered acyl moieties after chain elongation. L-leucine and L- 
isoleucine are similarly converted to a-ketoisocaproic acid, to oc-keto-p- methylvaleric 
acid, and then to isovaleryl CoA and a-methylbutyryl CoA, leading to odd-numbered 
and anteiso odd-numbered acyl-CoA, respectively. 
Iwai et al. (1979a) speculate that interconversions among capsaicinoids, such as 
from dihydrocapsaicin to capsaicin, are unlikely to occur because the proportion of 
capsaicinoid composition does not appreciably change with the fruit’s growth stage. 
Their speculation has been later confirmed by Kopp and Jurenitsch (1982) who examine 
the interconversion of administered 14C-labeled capsaicin to dihydrocapsaicin in the 
mesocap of immature Capsicum fruits. The interconversion of saturated fatty acid to 
unsaturated fatty acid must take place at the free fatty acid level. 
The biosynthetic pathways for capsaicin and analogs are outlined in Figure 2. 
The detailed pathway between ferulic acid and vanillylamine has been studied by 
Sukrasno and Yeoman (1993). Evidence showed that the intracellular capsaicinoid is 
synthesized from vanillylamine and several iso type fatty acids, probably in the form of 
acyl CoAs, on the tonoplast and that it may then penetrate through the tonoplast into the 
vacuole and accumulate in the vacuole (Fujiwake et al., 1982b). Once the capsaicinoid 
in the vacuole reaches a certain level, it must be secreted out of the cell and accumulates 
in the receptacle as a lipid-capsaicinoid mixture (Suzuki et al., 1980). 
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Figure 2. Proposed biosynthetic pathway for capsaicin (Modified from Sukrasno and 
Yeoman, 1993). 
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2.2 Potential application ol capsaicinoids in pest management and wildlife 
management 
The simple question as to why capsaicinoids are generated and accumulate 
inside the fruit of the pepper plant is easy to ask but very difficult to answer. The 
pungent principle of Capsicum fruit has been used as a spice or pharmaceutical drug for 
a long time although no one appears to understand the biological significance of 
capsaicinoid in the plant. There has been no reasonable scientific evidence regarding 
this matter. Some say that capsaicinoid is nothing more than a waste byproduct without 
any biological significance, others speculate that it would have been formed to keep 
enemies such as animals or insects away from Capsicum fruits to protect seeds, and still 
others insist that capsaicinoids may have been formed to act as a phytoalexin or as an 
antibiotic. 
Gal (1965) investigates the origin of the antibacterial activity of paprika spice by 
comparing two components, a steroid saponin, capsicidin, and capsaicin. In contrast to 
the weak antibacterial activity of capsicidin, capsaicin shows bacteriostatic activity 
against several bacterial species, remarkably against Bacillus cereus and Bacillus 
subtilis, at 1/10,000 dilution. However, no effect of capsaicin is observed against 
Staphylococcus aureus or Escherichia coli. The antifungal effect of capsaicin has been 
reported against Zygosaccharomyces species and Mycoplasma agalactiae. It has also 
been known that sporulation of Bacillus anthracis is induced by capsaicin (Suzuki and 
Iwai, 1984). 
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In contrast to these results, there are papers showing a rather stimulatory effect 
of capsaicin on bacterial production (Kosuge and Furuta, 1970). The results indicate that 
at low doses, capsaicin as well as piperine stimulates the reproductive capacity of B. 
anthracis. The inhibitory effect is shown only for large doses far beyond the actual 
content in the Capsicum fruit. 
Gutsu et al. (1982) propose that capsaicinoid, the secondary metabolite of red 
pepper, may be functioning as an immunity factor. They realize that resistance to 
disease (such as Verticillium wilt or mosaic virus) in the Capsicum plant seems to be 
related to capsaicinoid content, the effect increases in accordance with an increase of 
capsaicinoid content. 
Nevertheless, it is doubtful that capsaicinoid, which is found only in placenta 
and dissepiment, is able to prevent disease in other organs. Anyway, there is no 
distinctive theory on the biological significance of capsaicinoid in Capsicum species. 
However, the research on the biological significance of capsaicinoid in the Capsicum 
plant and basic knowledge on hot pepper have inspired various investigators to apply 
capsaicinoid in pest management and wildlife management. 
Hot pepper extracts can function to deter and repel many species of insect pests. 
The major functional components are capsaicinoids. Capsicums are used traditionally in 
several countries, including Nigeria, Malaysia and Mexico, to protect stored rice and 
pulses from pests (Golob and Webley, 1980). Chilies are also used to control vegetable 
pests such as aphids (Ward and Golob, 1994). 
In much of the developing world, fish is preserved by curing, sun drying with or 
without salt and by smoking. The larvae of the blow fly (Diptera) infests fish as it is 
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being dried. Cured fish still has a low moisture content that provides a food for beetles, 
particularly the larvae and, to a lesser extent, the adults of Dermestes maculatus and 
Necrobia rufipes (Haines and Rees, 1989). The damage caused by insect infestation is 
an important cause of the economic and physical loss suffered by cured fish in tropical 
countries (Poulter et al., 1987). Losses of cured fish can be as much as 40% during 
storage (Guillon, 1976), and losses of up to 30% are observed during sun-drying 
(Meynell, 1978). 
In Gambian fishing villages, salt is mixed with crushed chilies in a 4:1 ratio and 
applied to drying fish to combat blow fly infestation (Walker and Evans, 1984). This 
treatment is effective and does not taint the final product. Esser (1991) reported the 
alleged use of pepper, petrol, and gunpowder by fish processors in South-east Asia. 
Chili peppers are used domestically as a preservative for prawns in Kerala, India. When 
cured prawns are sprinkled with 1.5% by weight of pepper powder and stored in a mite- 
infestation go down (store) they remain insect free for as long as the pepper smell 
persists, about 7 weeks. 
Cowles et al (1989) find in laboratory tests that the species of paprika, red 
pepper, chili powder, and black pepper can deter onion fly Delia antiqua oviposition by 
88.5%, 95.9%, 99.8%, and 100%, respectively. Dose-response choices demonstrate that 
1 mg of ground cayenne pepper (GCP) placed within 1 cm of artificial onion foliage 
reduces oviposition by 78%. Synthetic capsaicin deters oviposition by 95% when 
present at 320 ppm in the top centimeter of sand (the oviposition substrate). However, in 
random no-choice conditions, 10 mg of GCP is not an effective deterrent. Two 
commercial products, Sevana Bird Repellent® and Agrigard Insect Repellent® both use 
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red pepper as a principal ingredient, and at recommended field rates, neither of these 
materials is an effective oviposition deterrent in the field or in the laboratory. Cowles et 
al. (1989) conclude that pungent spices appear to be highly deterrent materials for onion 
fly oviposition and can be of some use in the small home garden, but these pungent 
spices are not as promising for commercial field use. 
Capsaicin can also be used as an animal repellent to protect agricultural 
resources and conserve wildlife. Andelt et al (1994) have evaluated three 
concentrations (0.062, 0.62, and 6.2%) of Hot Sauce Animal Repellent® (Hot Sauce), 
habanero peppers, Tabasco® sauce, Anti-spray®, and liquid MGK® Big Game 
Repellent (BGR) as browsing deterrents on tame mule deer, which cause extensive and 
costly damage to orchards, nurseries, shelter belts, and ornamental planting in Colorado. 
They find that consumption of capsaicinoid-treated apple twigs by the deer decreases in 
a negative linear fashion with increased capsaicinoid concentration. Consumption of 
apple twigs treated with Anti-spray does not differ (ANOVA, p>0.05) from the control 
(tap water). Anti-spray containing denatonium benzoate instead of capsaicinoid as its 
major component fails to deter browsing by deer. Andelt et al. (1994) therefore suspect 
that deer may not be deterred by bitter substances. 
Short (1994) sprays diluted oleoresin containing 2.0% capsaicinoids to repel 
animals from a vineyard. There seems to have been no toxic effect on the foliage or 
upon the berries, and there is no residue left from the capsaicinoids in wine made from 
the grapes which has been sprayed three weeks earlier. The most remarkable result of 
the trial is that there is observed almost no damage whatsoever to the vines or grapes by 
deer or other animals. Deer have been present and been seen periodically around the 
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vineyard. It is not clear whether animals can develop a tolerance to capsaicin over a long 
period. 
/ 
Blumberg and his group have been probing capsaicinoids for the study of pain 
since the 1980s (Szallasi and Blumberg, 1989; Blumberg et al, 1993). Their works lead 
to the discovery of capsaicin receptors in humans and animals, which in turn resulted in 
a patent application for pepper-treated birdseed (Rouhi, 1996). Such treated birdseed 
delights birds but repel capsaicin-sensitive intruders, such as squirrels and other 
animals. It seems that squirrels have receptors for, and therefore can taste, capsaicin 
whereas birds do not. Based on these ideas, several commercial capsaicin-treated 
products have been developed some of which are now undergoing the efficacy and 
toxicological studies required for registration as pesticides with the Environmental 
Protection Agency. 
Mason et al (1991) have studied the structure-activity relationships of capsaicin 
and its analogs for behavioral aversiveness. European starlings (Stumus vulgaris) and 
Norway rats (Ratus norvegicus) are given varied concentration of synthetic capsaicin 
and its four analogs 9-methyl capsaicin, veratryl amine, veratryl acetamide, vanillyl 
acetamide) in feeding and drinking tests. The results show that acidity, the presence of a 
long side chain (lipophilicity), and an electron-poor phenyl ring correlate positively with 
mammalian irritancy. However, the chemical characteristics which are correlated with 
mammalian repellency are clearly opposite to those that predict avian repellency. 
Synthetic capsaicin and vanillyl acetamide are not repellent to birds, owing to the 
presence of an acidic phenolic OH group. Conversely, veratryl acetamide is aversive, 
because its additional OCH3 group makes it more basic than capsaicin, and the removal 
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of the alkyl group (relative to capsaicin) should enhance repellency by contributing to 
the electron richness of the phenyl ring. From extensive studies it has been found that 
synthetic capsaicin is the best repellent for mammals while veratryl acetamide is the 
worst. Mason et al. (1991) speculate that this taxonomic reversal may reflect basic 
differences in trigeminal chemoreception. In any case, it is clear that chemical 
correlations observed from mammalian repellents are opposite to those that predict 
avian repellency. 
In conclusion, capsaicinoids are good deterrent or repellent agents for many 
species of insects and animals, and can be used in pest control and wildlife 
management. Further research is needed. 
2.3 Medical importance and toxicological studies of capsaicin 
Capsaicin is the most commonly investigated compound among all of the 
capsaicinoids, A review on Medline, the literature database for information on medical 
applications, indicates that in the past 11 years, over 2000 articles have dealt with 
capsaicin. Capsaicin can act on unmylinated sensory fibers, and can ease neuronal pain 
(Jancso et al., 1977). In clinical trails, capsaicin has eased a range of diseases, including 
post-mastectomy syndrome, urticaria, psoriasis, diabetic neuropathy, arthritis, apocrine 
chromhidrosis, contact allergy, post-surgical neuromas, and other afflictions. Capsaicin 
is also found to possess chemoprotective activity against some chemical carcinogens 
and mutagens (Surh and Lee, 1995). A brief review of the medical importance of 
capsaicin is given next. 
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Considering the frequent consumption of capsaicin as a food additive and its 
current medicinal use, the correct assessment of the hazardous effects of this compound 
is important. Moreover, capsaicinoid products are being registered to EPA as pesticides 
(Rouhi, 1996). Therefore, general toxicity, mutagenic and carcinogenic activities, and 
mammalian metabolism of capsaicin also must be reviewed. 
2.3.1 Capsaicin in the study of pain 
The first paper on the pharmacology of capsaicin, or more precisely on the 
impure extract of paprika called “capsicol” has been published more than a hundred 
years ago, and leads to the conclusion that the agent acts on sensory fibers with 
considerable neuroselectivity (Hogyes, 1878). In the 1960s and 1970s, Hungarian 
scientists make some progresses in the capsaicin study (Jancso et al., 1967; 1977; 
Szolcsanyi and Jancso-Gabor, 1976). It has been found that nerve ending subservient 
nociception not only can be stimulated, but also put out of action by a high dose of 
capsaicin. It is also found that capsaicin has a sensory blocking effect. 
A new era of capsaicin research in the study of pain begins in the late 1980s, 
with much new effort completed in the past decade. Capsaicin has been established as 
an essential tool in neuroscience studies on the function of unmyelinated afferent 
neurons and the neuronal mechanisms of pain (Jancso et al., 1967; Holtzer, 1988; 1991; 
Lynn, 1990; Rang et al, 1991; Dray, 1992). Wood (1993) further has been edited a 
book : “Capsaicin in the Study of Pain”, which reviews the key issues of the mode of 
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action of capsaicin, as well as new concepts and perspectives that have emerged from 
the most recent studies. 
The term “capsaicin-sensitive afferents” has been introduced (Szolcsanyi, 1982) 
to donate a separate subset of primary afferent neurons with their processes that are 
susceptible to the excitatory and sensory blocking effects of capsaicin. Owing to the 
remarkable neuroselective site of action of the drug, it has been considered to be a 
method which can identify neural responses mediated by a subgroup of afferents, which 
can not be characterized by other means (Maggi, 1993; Holtzer, 1993; Lundberg, 1993; 
Dray and Dickenson, 1993). 
Capsaicin-sensitive neurons release glutamate and a number of neuropeptides, 
such as substance P, neurokinin, somatostatin, and Calcitonin Generated Peptide (CGP) 
as central neurotransmitters of nociceptive signals (Jessel et al., 1978; Fitzgerald, 1983; 
Holtzer, 1988). Capsaicin has been reported to cause activation followed by 
desensitization of the sensory neurons on short as well as long treatment. It has been 
shown that the application of a single dose of capsaicin can cause pain, inflammation 
and hypersensitivity. Repeated treatments with capsaicin, however, provide analgesic 
and anti-inflammatory activity. 
For the molecular mechanism of the capsaicin-induced increase in membrane 
conductance, it has become increasingly clear, however, that a specific membrane 
receptor exists in the sensitive subpopulation of sensory neurons that are activated by 
capsaicin (Blumberg et al., 1993; James et al., 1993). The existence of such a receptor is 
originally proposed by Szolcsanyi and Jancso-Gabor (1975, 1976), who discover a 
structure-activity relationship for the hypothetical receptor using a range of synthetic 
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analogs of capsaicin. The receptor hypothesis has been strengthened by the synthesis of 
additional analogs of capsaicin (Walpole and Wrigglesworth, 1993) including olvanil 
(Brand et al, 1987), and resiniferatoxin (RTX) (Szallasi and Blumberg, 1989; Winter et 
al, 1990; Walpole and Wrigglesworth, 1993), which act much more powerfully than 
capsaicin in neuron stimulation. The development of capsazepine, a competitive 
antagonist of both capsaicin and RTX, puts the case for a specific capsaicin receptor 
almost beyond doubt (Bevan et al, 1992). 
A problem faced by capsaicin researchers is that they can not directly study 
capsaicin binding to its receptor because of interference from nonspecific binding 
interactions. Blumberg’s continued interest in RTX led to the discovery that it is an 
ultrapotent capsaicinoid. RTX thus became a tool to unravel how capsaicin may work. 
RTX, a phorbol-ester-related diterpene produced by the cactuslike medicinal plant 
Euphorbia resinifera, is molecularly similar to capsaicin, particularly in the m- 
methoxy-p-hydroxyphenyl group. Because RTX binds more strongly to the receptor 
than capsaicin, its binding can be measured at lower concentrations and thus with less 
interference. In addition, because it dissociates more slowly from the receptor, receptor 
preparations can be washed more extensively to remove unbound ligands, again 
reducing interference. 
These new studies have led to study of capsaicin receptors now yields results 
that could end up with the development of better analgesic drugs. Blumberg has shown 
that capsaicinoids have markedly different potencies and structure-activity relations for 
binding to receptors and for stimulating calcium uptake by nerve cells (Rouhi, 1996). 
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The results imply that there are two classes of capsaicinoid receptors, one selective for 
RTX and the other for capsaicin. 
The medical use of capsaicinoids depends on a balance between desensitization 
(the therapeutic effect) and pain introduction (the disagreeable side effect). For example, 
use of capsaicin creams is limited by a burning sensation at the application site. The 
RTX-selective receptor was likely involved in desensitization, because RTX is better 
than capsaicin in inducing this effect. Thus the capsaicin-selective receptor, which is 
coupled to calcium uptake, could be involved in pain. 
If indeed two receptor types exist, then specific molecules can be developed to 
interact with each one. And if the receptor types have different distributions in body 
tissues or organs, then molecules acting on a specific receptor could have very selective 
actions on that tissue or organ. RTX and other types of molecules might be more useful 
than capsaicin to treat pain (Rouhi, 1996). Though capsaicin may be eclipsed by 
designed molecules highly selective for desensation, no one can deny the great 
contribution to these studies from capsaicin research. 
For clinical application, capsaicin creams appear to be the first of a class of 
neuropeptide active agents to be introduced into dermatological therapy (Palevitch and 
Craker, 1995). Over the counter cream preparations of capsaicin have been developed in 
the last decade. Zostrix (0.025%, 0.8 mM capsaicin) and Axsain (0.075%, 2.5 mM 
capsaicin) are the main preparations which have been used in human clinical trials to 
study the effect of capsaicin for the relief of neuralgia and other pain syndromes. Such 
creams have proven safe as tropical agents with demonstrable, clinical effects on small 
fiber function, but without any effect on large fiber or autonomic function. Capsaicin 
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creams have been found to ease many pain syndromes. A new application being 
explored involves the treatment of cluster headaches (Palevitch and Craker, 1995). 
2.3.2 Chemoprotective effects against chemical carcinogens and mutagens 
Currently attention has been concentrated on identifying phytochemicals which 
possess protective properties against chemical carcinogens and mutagens (Modly et al., 
1986; Wattenberg, 1993; Stavric, 1994). Capsaicin has been suggested to exert such 
chemoprotective effects through modulation of the metabolism of carcinogens and their 
interactions with target cell DNA. It has been reported that capsaicin displays dose- 
related inhibition of the activity of rat epidermal aryl hydrocarbon hydroxylase (Modly 
et al., 1986), a marker enzyme for metabolism of polycyclic aromatic hydrocarbons such 
as benzo[a]pyrene. Moreover, capsaicin suppressed the metabolism and covalent DNA 
binding of benzo[a]pyrene in human and murine keratinocytes (Modly et al, 1986). 
Yagi (1990) has reported that capsaicin and dihydrocapsaicin repress the energy- 
transducing NADH-quinone oxidoreductase activity. This finding confirms an early 
observation by other investigators of the inhibitory effects of capsaicin on rat hepatic 
mitochondrial energy metabolism through suppression of energy flow from NADH to 
coenzyme Q (Chudapongse and Janthasoot, 1981). A recent study by Joe and Lokesh 
(1994) has also shown that capsaicin can strongly block the generation of reactive 
oxygen species by rat peritoneal macrophages in vitro. Capsaicin fed to animals was 
also inhibitory in this regard. Pretreatment of rats with capsaicin (1.68 mg/kg, i.p.) for 3 
consecutive days results in enhancement of the activity of pulmonary anti-oxidant 
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enzymes such as superoxide dismutase, catalase and peroxidase. In contrast, long-term 
treatment causes an opposite effect on the latter two enzymes (De and Ghosh, 1989). 
Since reactive oxygen species are known to play an important role in phorbol-12- 
myristate-13-acetate (PMA)-mediated tumor promotion as well as inflammation 
(Kensler and Trush, 1984). It would be worth determining if capsaicin with potential 
anti-inflammatory activity (Joe and Lokesh, 1994) could act as an anti-tumor promoter. 
Capsaicinoids have also been found to retain inhibitory effects on liver 
microsomal CYP2E1 activity (Gannett et al., 1990; Lee et al., 1995), which is 
responsible for the metabolism of chemical carcinogens which are relatively small in 
size (Guengerich et al., 1991; Koop, 1992). Teel and his coworkers reported the 
protective effect of capsaicin on metabolism, DNA binding, and/or mutagenicity of 
some chemical carcinogens, such as aflatoxin B1 (Teel, 1991) and the tobacco-specific 
nitrosamine, 4-(methylnitrosamineo)-l-(3-pyridyl)l-butanone (Miller et al., 1993). 
These studies suggest that capsaicin effectively inhibits some isozymes of cytochrome 
P450, particularly those in the CYP1A and 2B families. Taken together, these findings 
suggest that capsaicin might act as a chemopreventive agent by modulating the activity 
of microsomal mixed-function oxidases which play key roles in metabolic activation as 
well as detoxification of a wide array of chemical carcinogens and mutagens. 
More studies are needed to determine whether non-toxic dose of capsaicin 
protects against tumorigenesis induced by carcinogens in experimental animals. 
Development of capsaicin analogues with reduced irritating and toxic properties but 
stronger chemoprotective activities also merits further investigation. 
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2.3.3 Toxicological studies of capsaicin 
2.3.3.1 Toxicity 
General toxicity 
The acute toxicity of capsaicin has been determined in several animal species 
(Glinsukon et al., 1980). The LD50 values of capsaicin, administered via various routes 
in male Swiss albino mice, are as follows (unit, mg/kg body weight); 7.65 (i.p.); 0.56 
(i.v.); 7.80 (i.m.); 9.00 (s.c.); and 190 (p.o.). The relatively low toxicity induced by oral 
dosage of capsaicin appears to be associated with gastrointestinal enzyme activity which 
may cause hydrolysis of capsaicin. The likely mechanism of the lethal effects of 
capsaicin has not been elucidated, but is considered to involve respiratory paralysis. The 
subchronic toxicity of doses of either synthetic capsaicinoids or crude extracts of chili 
peppers has also been determined (Monsereenusom et al., 1982; Jang et al., 1992). A 
recent 4 week feeding study on B6C3F1 mice by Jang et al. (1992) with diets containing 
various concentrations of ground Capsicum fruit has revealed that chili is relatively non¬ 
toxic at the doses tested. Ingestion of capsaicin in large subchronic doses has been 
reported to cause histopathological and biochemical changes including acute erosion of 
gastric mucosa and hepatic necrosis (Monsereenusom et al., 1982). 
Genotoxicitv 
Both capsaicin and chili extracts have been tested for mutagenicity in bacterial 
and mammalian cells in culture, but the results were conflicting (Nagabhushan and 
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Bhide, 1986; Muralidhara and Narasimhamurthy, 1988). There is no strong evidence to 
indicate that capsaicinoids have genotoxicity except at very higher concentration. 
Tumorisenicity 
Only limited information is available in the literature with regard to the 
carcinogenic potential of capsaicin. In one article, an extract of chili pepper alone 
exhibited no profound carcinogenic activity (Agrawal et al, 1986). In contrast, Toth and 
Gannett (1992) have found that female Swiss mice given 0.03125% capsaicin in 
semisynthetic diets for their entire life develop polypoid adenomas in the cecum at an 
incidence of 22% which is significantly different from that observed in control animals. 
Capsaicin has been reported to act as a promoter for the development of 
diethylnitrosamine-initiated enzyme-altered foci in the livers of male rats, thus a single 
intraperitoneal injection of diethylnitrosamine with subsequent administration of 
capsaicin (0.002% in drinking water for 6 wk) results in statistically significant 
enhancement of formation of glutathione S-tansferase positive foci in hepatocytes as 
determined by increased numbers, areas, and maximal diameters. Chili extract has also 
been shown to retain a promoting effect on the development of stomach and liver 
tumors in BALB/c mice initiated by methyl-acetoxy methylnitrosamine and benzene 
hexachloride, respectively (Agrawal et al, 1986). In another study, rats fed diet 
containing 1% or 3% hot chili pepper showed a slightly higher incidence of N-methyl- 
N’nitrosoguanidine (MNNG)-induced gastric cancer than that observed in animals 
treated with MNNG alone (Surh and Lee, 1995). This finding again suggests that 
capsaicin can act as a tumor promoter. Very recently, a case-control study has been 
conducted in the Mexico City metropolitan area where hot chili peppers are heavily 
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consumed (Lopez-Carrillo et al1994). According to this investigation, there is a 
significant correlation between hot pepper consumption and incidence of gastric cancer 
in the Mexican population (Lopez-Carrillo et al., 1994). This is the first demonstration 
of the association of chili pepper consumption and increased risk of gastric cancer in 
humans. 
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Mechanism of toxicity 
At this point, there is no clear-cut mechanism which can solely explain the 
toxicity exerted by capsaicin. Bioactivation to an electrophilic intermediate with 
subsequent covalent modification of critical cellular macromolecules such as DNA, 
RNA, and proteins has been thought to play a role in the etiology of capsaicin-induced 
toxicity including mutagenicity and carcinogenicity as well as cell death (Miller et al., 
1983). Such speculation has fueled interest in the role of metabolism in these adverse 
processes. Based on the results of previous metabolism studies, the activation pathways 
outlined in Figure 3 have been postulated to account for capsaicin-induced cellular 
damages. The stages invovled are as follows: 
1) Cytochrome P450-catalyzed epoxidation of the vanillyl ring moiety to produce an 
arene oxide. 
2) One-electron oxidation of the ring hydroxyl group to form a phenoxyl radical. 
3) O-Demethylation at the aromatic ring and subsequent oxidation of the resulting 
catechol to the semiquinone and quinone derivatives. 
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Figure 3. Schematic representation of the potential role of metabolism in capsaicin 
toxicity (Modified from Surh and Lee, 1995). 
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2.3.3.2 Metabolism 
2.3.3.2.1 Oxidation by hepatic polvsubstrate monooxygenase (PSMO) systems 
Early studies by Lee and Kumar (1980) show that phenobarbital-induced rat 
liver microsomes convert capsaicin and dihydrocapsaicin to the corresponding catechol 
metabolites, N - (4, 5 - dihydroxyl - 3 - methoxybenzyl) - acylamides via hydroxylation 
on the vanillyl ring moiety. This finding has been further confirmed by Miller et al. 
(1983) who demonstrate covalent binding of [3H]dihydrocapsaicin to hepatic 
microsomal proteins following in vitro incubation or administration to rats. Based on 
these results, it has been postulated that capsaicin is activated by the liver mixed- 
fimction oxidase system to an electrophilic intermediate, most likely a ring epoxide, 
capable of covalently interacting with nucleophilic sites of hepatic protein (see Figure 
3). This irreversible interaction of capsaicin with liver microsomal protein may account 
for its impact on hepatic drug-metabolizing enzymes as well as hepatotoxicity (Miller et 
al., 1983). Since no significant covalent binding of capsaicin is observed in spinal cord 
or brain, it is concluded that capsaicin-induced neuropathy in rodents may be mediated 
by mechanisms other than covalent interactions. The alkyl side chain of capsaicin is also 
considered to be susceptible to enzymatic oxidation. Thus, when capsaicin is incubated 
with NADPH and the liver S9 fraction from phenobarbital pretreated rats, it is 
hydroxylated at the terminal carbon of the side chain (Surh and Lee, 1995). 
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2.3.3.2.2 Oxidation through radical formation 
Recently, one-electron oxidation of capsaicin has been investigated by means of 
electrochemical, enzymatic and chemical procedures (Lawson and Gannett, 1989; 
Boersch et al, 1991). Lawson and Gannett (1989) report that incubation of capsaicin 
with microsomes or non-enzymatic reaction with potassium ferricyanide results in the 
formation of a dimer, 5,5’-bis-capsaicin. A phenoxy radical is proposed to be involved 
in the mutagenic effect of capsaicin. Formation of phenoxy radical intermediates has 
been often observed with certain plant phenolics (Newmark, 1984), which play a critical 
role in lignin biosynthesis in the process of wood formation (Freudenberg, 1960). 
Formation of dimmeric tyrosine by oxidation of tyrosine with horseradish peroxidase 
was previously reported to involve a phenoxy radical mechanism (Gross and Sizer, 
1959). A similar peroxide-catalyzed coupling reaction has been very recently proposed 
as a mechanism for the dimmerization of two diiodotyrosyl residues in thyroglobulin to 
form the thyroid hormone, thyroxine (Taurog et al, 1994). Likewise, Boersch and his 
associates (1991) demonstrate that incubation of capsaicin with peroxides and hydrogen 
peroxide produces a fluorescent dimer analogous to that previously reported by other 
investigators (Lawson and Gannett, 1989). The formation of this fluorescent oxidation 
product is also observed by chemical or electrochemical oxidation of capsaicin (Lawson 
and Gannett, 1989). The prospective study by Gannett et al (1990). has shown that liver 
cytochrome P450 2E1 (CYP2E1) activity is responsible for conversion of capsaicin to 
the reactive phenoxy radical which, in turn, dimmerizes or covalently binds to CYP2E1, 
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thereby inactivating the enzyme (Figure 3). In this respect, capsaicin acts as a suicidal or 
mechanism-based inhibitor of CYP2E1. 
2.3.3.2.3 Non-oxidative metabolism of capsaicin 
Cell-free extracts of various tissues of rats contain enzyme activity for the 
hydrolysis of capsaicin or its dihydro analogue at the acid-amide bond to produce 
vanillylamine and the corresponding fatty acyl moieties (Kawada et al, 1984; Kawada 
and Iwai, 1985; Oi et al, 1992) as illustrated in Figure 3. The highest enzyme activity is 
found in the liver followed by such extrahepatic tissues as kidney, lung, and small 
intestine (Kawada and Iwai, 1985). It is of interest to note that the capsaicin-hydrolyzing 
enzyme activity in the rat liver is inducible by continuous oral administration of 
capsaicin (Oi et al, 1992). The splitting of the side chain of dihydrocapsaicin also 
occurs in vivo (Kawada and Iwai, 1985), and is considered to be the rate-limiting step in 
the overall metabolism of this compound. Hydrolysis of the amide linkage of 
capsaicinoids will thus lead to the formation of vanillylamine as a common metabolite 
regardless of the type of fatty acid functionality in their side chains. Indeed, the synthetic 
vanilloid, olvanil [N-(3-methoxy-4-hydroxybenzyl)oleamide] which has a longer side 
chain than capsaicin, has been found to be susceptible to hydrolysis of the amide bond 
as determined in various metabolic model systems including cell-free extracts of liver 
and intestine, isolated hepatocytes and enterocytes, and isolated perfused intestine, and 
also in whole animal studies (Whmeyer et al, 1990). Oxidative deamination of the 
resulting vanillylamine produces the aromatic aldehyde vanillin which, in turn, 
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undergoes oxidation to vanillic acid or reduction to vanillyl alcohol for excretion in the 
free form or as a glucuronic acid conjugate (Kawada and Iwai, 1985; Whmeyer et al., 
1990). Capsaicin-hydrolyzing enzymes have recently been purified from rat hepatic 
microsomes (Park and Lee, 1994), and identified as previously known isozymes of 
carboxylesterase based on such biochemical and biophysical parameters as Mr, pi value, 
pH-dependency, mode of inhibition, and subcellular topology. The enzymes are likely 
to be present either free in the lumen of the endoplasmic reticulum or loosely bound to 
the lumen surface of the membrane (Park and Lee, 1994). Capsaicinoids, when 
administered to rats intragastrically, are readily absorbed from the gastrointestinal tract 
but are further metabolized to a great extent in the liver before reaching the general 
circulation (Donnerer et al., 1990). As a result, gastrointestinally absorbed capsaicinoids 
are expected to reach the central nervous system or other extraheptic organs almost 
exclusively as degradation products (Donnerer et al., 1990). 
2.4 Analysis of capsaicin and analogs 
The choice of suitable analytical methods is important in the study of capsaicin 
and its analogs. These methods have been reviewed (Mathew et al., 1971; 
Govindarajan, 1979; Pruthi, 1980; Suzuki and Iwai, 1984). 
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2.4.1 Extraction and purification 
2.4.1.1 Extraction 
Among analytical procedures the extraction method may be the only one in 
which traditional procedures are still being used. Extraction is the first step in 
capsaicinoid analysis: Satisfactory results cannot be obtained without efficient 
extraction. The extraction procedure is the first step in the isolation of the pungent 
substance in pure crystalsline form. In early procedures, more polar solvents such as 
methyl alcohol, isopropyl alcohol, acetone, and ethyl ether were preferred for extraction 
of the pungent substance from Capsicum fruits with Soxhlet extractors. The crude 
Capsicum extracts usually contain impurities such as fats, lipids sterols, and pigments 
along with capsaicinoids, and such impurities often interfere with the crystallization of 
the capsaicinoids. Therefore, crude capsaicinoid extracts generally designated 
“oleoresin” are purified by multistage solvent extraction and/or passage through 
appropriate column adsorbents. 
In addition to the solvents mentioned above, chloroform, methylene chloride, 
and aqueous sodium hydroxide or ethyl acetate have been used. Through introduction of 
modem techniques having higher separability, a universal solvent system for lipid 
extraction, chloroform-methyl alcohol (2:1, v/v), is now often used for capsaicinoid 
extraction because of its high efficiency, especially of wet materials. Previously alcohol, 
acetone, and ethyl ether have been chosen as the major solvents for extraction. 
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Extraction should be carried out until no color is left in the peppers. Nonpolar solvents 
such as petroleum ether are not generally used for capsaicinoid extraction but instead 
are used for removing lipids and pigments by solvent partition. 
A joint committee of the Pharmaceutical Society and the Society for Analytical 
Chemistry on the Methods of Assay of Crude Drugs in Great Britain (The Joint 
Committee) established in 1959 recommends procedures for the extraction of 
capsaicinoids from Capsicum fruits. The procedures involve preparation of oleoresin by 
extracting Capsicum powder with 96% ethyl alcohol for 48 hr followed by purification 
on aluminum oxide with activated carbon and Kieselguhr, and finally extraction and 
purification by ether-alkali partition extraction. 
Extraction of capsaicinoids from animal tissues is performed by means of 
acetone with a recovery of approximately 90% (Saria et al, 1981). Johnson et al. (1982) 
report trace amounts of natural capsaicinoids in animal feed, human urine, and waste 
water in a study in which 80% methyl alcohol- 20% 0.1 N hydrochloride acid is used for 
the extraction of capsaicinoid from animal feed and dichloroethane is used for 
extraction of capsaicinoids from human urine and waste water. Ethyl acetate (Iwai et al., 
1979b), chlorinated hydrocarbon solvents such as di- and trichloromethylene or 
chloroform (Jurenitsch et al. 1979a; 1979b; Jurenitsch and Woginer, 1982), and 
chloroform-methyl alcohol are preferably used for extraction of capsaicinoids from 
Capsicum fruits. For preparing oleoresin from Capsicum fruits for food additives or 
medical drugs, the use of ethyl acetate has been proposed as an efficient and relatively 
non-harmful solvent (Rajaraman et al., 1981). The extraction efficiency of ethyl acetate 
is shown to be comparable to that of methylene chloride and acetone. When extracted 
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with acetone, potassium hydroxide, and ethyl ether, lyophilized fresh green chili peppers 
give a much higher yield than known conventional procedures (Sass et al, 1977). 
Adamski and Socha (1967) study the effect of ultrasound and heating on the 
extraction efficiency of capsaicinoids. Ultrasound treatment for 30 min or heating at 30 
°C for 2 h shows similar high extraction efficacy. On the other hand, Yao et al (1994) 
report that the extraction of C.annuum fruit by liquid carbon dioxide give the highest 
amount of capsaicinoid compared to other extraction methods. 
2.4.1.2 Purification 
Crude extracts (oleoresin) prepared from Capsicum fruits, ointments, tinctures, 
animal tissues, etc., usually contain a considerable amount of impurities such as waxes, 
fats, phospholipids, sterols, and coloring matters. These impurities must be removed to 
obtain the pure capsaicinoid crystals which are more suitable for further analysis. Two 
major procedures are proposed for removing impurities from crude extracts, purification 
of crude capsaicinoid and impurities by liquid-liquid extraction (Thresh, 1876; Nelson, 
1910; North, 1949; Schenk, 1955) or column chromatography through alumina, 
charcoal, and Kieselghur (The Joint Committee, 1959). 
The Joint Committee has been established column chromatography and the 
ether-alkali extraction method as methods which are recommended for purification. In 
the recommended chromatographic procedure, impurities are removed by adsorption on 
the column adsorbents with subsequent elution by alcohol. However, materials such as 
fats and waxes cannot be removed by column chromatography. In such cases, a method 
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of partition extraction between aqueous alkali and organic solvent is applied (The Joint 
Committee, 1959; 1964). Rangoonwala (1965) reports a method in which the chili 
powder is first extracted on the column with diethyl ether to obtain a capsaicinoid 
crystal. Muller-Stock et al. (1973) report a column chromatographic purification of 
capsaicinoid and subsequent subfractation of capsaicin analogs. In case a sufficient 
gram quantity of crude capsaicinoid is available, pure capsaicinoid can be obtained by 
repeated crystallization from light petroleum or hexane until the melting point of the 
crystals becomes constant at 64 to 65 °C (Todd and Perun, 1961; Hartman, 1970). 
Individual capsaicin analogs, however cannot be separated by recrystallization. When 
sufficient capsaicinoid extract is not available, the above mentioned purification 
methods cannot be applied, and some chromatographic methods such as thin-layer 
chromatography (TLC), and high performance liquid chromatography (HPLC) are 
recommended instead (Karawya et al., 1967; Iwai et al, 1979b). 
2.4.2 Sensory evaluation 
Organoleptic evaluation is the first method applied to the identification and 
quantitation of capsaicinoids. Despite having been criticized for low accuracy and poor 
reproducibility, organoleptic methods have been proposed since the early days of 
capsaicinoid research (Nelson, 1910; 1919; Scoville, 1912; Newman, 1953; The Joint 
Committee, 1964; Govindarajan etal., 1977). 
As early as 1912, the basic principle of pungency evaluation using an 
organoleptic method is established by Scoville (1912). Scoville quantifies the pungency 
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of Capsicum fruits by examining diluted ethanolic sweetened solutions of Capsicum 
extract. The greatest dilution is determined at which definite pungency can be 
recognized (the recognition threshold). Alcohol solution is added to the sweetened water 
in definite proportions until a distinct but weak pungency is still detectable by the 
tongue. Scoville expresses the reciprocal of the greatest dilution as Scoville heat units 
(SHU). Scoville heat units for pure capsaicin are reported as 15 to 17 x 106 (Suzuki et 
al., 1957; Todd, 1958). The accuracy of Scoville’s method is low and often shows poor 
reproducibility among different laboratories. 
Other sensory methods have been developed and modified by other researchers 
(Newman, 1953; Govindarajan et al., 1977; Rajpoot et al, 1981; Gillette et al, 1984); 
nevertheless, the accuracy and reproducibility of such methods are definitely inferior to 
chemical methods using modem instruments. Thus, the organoleptic method, which has 
been officially approved in the United States Pharmacopoeia and later in the National 
Formulary, is no longer in favor among pharmacologists and biochemists. However, 
because of its convenience the American Spice Trade Association (ASTA) has 
employed the method as an official and approved method for pungency evaluation for 
Capsaicum since 1968 (Govindarajan, 1979). 
Hartman (1970) compares the Scoville heat units for several Capsicum species 
and correlates them with the proportion of capsaicinoid content as determined by gas- 
liquid chromatography (GLC). Todd (1977) also makes a similar study. These workers 
show that pungency data obtained by the organoleptic method on samples ranging from 
50,000 to 2,000,000 Scoville heat units and GLC data exhibit a correlation coefficient of 
0.95 for the raw results. 
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Govindarajan et al. (1977) propose a standardized procedure for evaluation of 
pungency by Scoville heat units by which a linear regression is obtained between 
Scoville heat units and capsaicin content of the samples. A detailed description of the 
organoleptic determination method is given in the review by Govindarajan (1979). 
Unlike physical-chemical methods, organoleptic methods require neither preliminary 
purification to remove the interfering materials nor special apparatus. Nevertheless, the 
organoleptic method does require skillful and experienced taste panelists, so it is 
eventually a very expensive and time-consuming method compared to chemical 
methods (Todd, 1977). Furthermore, the sensitivity and reliability of modem methods 
such as gas chromatography - mass spectrometry (GC-MS), HPLC, and high pressure 
thin layer chromatography (HPTLC) are absolutely better than the organoleptic 
methods. Therefore, instrumental assay methods are becoming the major techniques for 
capsaicinoid determination except in special cases. Although liquid chromatography - 
mass spectrometry (LC-MS) is well developed, there is no literature being found about 
the application of LC-MS technique in the analysis of capsaicinoids. 
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2.4.3 Determination of capsaicinoids by spectrometry 
2.4.3.1. Ultraviolet - visible spectrometry 
Capsaicin and its analogs give characteristic absorptions in the ultraviolet (UV) 
region. The Joint Committee (1959) investigates the UV absorption characteristics of 
the capsaicinoids. Capsaicin, which should now be regarded as a mixture of capsaicin 
and various analogs, in ethanolic solution shows an absorption maximum at 229 nm 
with e (1% capsaicin solution detected in 1 cm length cell) values of -245 to 258 and at 
280 nm with an e value of 102. In methanolic solution, the maximum at 279 nm with an 
8 value of 102 is characteristic. In 0.1 N sodium hydroxide solution, the absorption 
maxim are shifted to 248 nm (e = 330) and 294 nm (e = 136), respectively. 
Spectrophotometric characteristics of capsaicinoids in 0.02 N sodium hydroxide - 80% 
methyl alcohol, and in 0.1 N hydrochloric acid - 80% methyl alcohol have been also 
determined by the Joint Committee. Kosuge and Furuta (1970) isolate capsaicin and its 
analogs and determine their spectrophotometric characteristics. It has been shown that 
individual capsaicin analogs exhibit almost the same spectrophotometric characteristics 
as the mixture of capsaicin and congeners. 
The Joint Committee (1964) proposes a direct spectrophotometric method and 
spectrophotometric difference methods as recommendable procedures. To examine 
contamination by interfering material, the Joint Committee recommends checking the 
ratios of the optical density readings at 270 nm / 280 nm and 290 nm / 280 nm for 
capsaicin. If the ratios are 0.60 for 270 nm / 280 nm and 0.53 for 290 nm / 280 nm 
51 
contamination with interfering substances is negligible (The Joint Committee, 1964). 
However, when contaminants with impurities of similar absorption characteristics are 
present, an accurate capsaicinoid determination by spectrometry is difficult. Therefore, 
preliminary purification by TLC or column chromatography is essential. The detection 
limit of capsaicinoids by spectrophotometric methods is from microgram to 
subnanogram depending on methods. A spectrophotometric difference method for 
practical use is reported by DiCecco (1979). 
2A.3.2 Fluorometrv 
Fluorometric can generally detect capsaicinoids at nanogram level or lower. 
Some researchers couple fluorometry with HPLC (Woodbury, 1980; Saria et al., 1981; 
Johnson et al., 1982). Saria et al. (1981) found that as little as 3 ng of capsaicin can be 
measured by fluorometry using excitation and emission wavelengths of 270 and 330 
nm, respectively. 
2.4.3.3 Infrared spectrometry 
Infrared (IR) spectrometry is used for identification of capsaicin and analogs 
(Kosuge and Furuta, 1970). Since natural capsaicin shows an absorption at 970 cm'1 due 
to a trans double bond present in the acyl moiety, some trials to determine the content of 
capsaicin by measuring IR absorption are made (The Joint Committee, 1959; Datta and 
Susi, 1961; Muller-Stock et al., 1973). The Joint Committee (1964) recommends that 
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natural capsaicin and vanillyl-n-nonamide can be determined by measuring the ratio of 
the base line absorbance of the 970 cm'1 and 1040 cm'1 bands. However, the accuracy of 
quantitation by IR spectrometry is poor, and determination of individual analogs is 
impossible. 
2.4.3.4 Nuclear magnetic resonance spectrometry 
As well as IR spectrometry, nuclear magnetic resonance (NMR) spectrometry 
has also been used as a powerful tool for the identification of capsaicin and analogs 
(Kosuge and Furuta, 1970; Muller-Stock et al, 1973; Heresch and Jurenitsch, 1979). 
An example is the quantitative determination of the ratio of olefinic and saturated 
components in a capsaicinoid mixture by Muller-Stock et al (1973). However this 
method does not allow the amounts of individual analogs to be established. For that 
reason, NMR spectrometry is now rarely applied for the determination of capsaicin 
analogs. Kirby’s group, however, successfully uses NMR spectrometry in studying the 
biosynthesis of capsaicin (Bowman et al, 1969). 
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2.43.5 Mass spectrometry 
To obtain information on molecular weight and chemical structure, mass 
spectrometry (MS) is the most informative tool. In fact, the chemical structure of 
capsaicin and its analogs have been confirmed by MS in cooperation with IR, NMR and 
UV spectrometries and elemental analysis. Before the introduction of GC-MS, 
unidentified capsaicinoids have been subjected to mass spectrometry by using a direct 
inlet system (Kosuge and Furuta, 1970; Muller-Stock et al., 1973). In such cases, the 
sample must first be purified as a single component. Jurenitsch et al. (1979a) use 
preparative scale polyamide-cellulose TLC for purification. With improvements in MS 
techniques, the identification and quantitation of capsaicin and its analogs by the direct 
inlet system using field desorption, chemical ionization, fast atom bombardment, or 
laser microprobe mass analysis is likely to become more and more common. 
2.4.4 Chromatographic analyses 
Since crude capsaicinoid extracts often include pigments and materials that 
interfere with spectrophotometric determination and are hard to remove by solvent 
partition extraction or by recrystallization from non-polar solvents, especially when the 
amount of sample is inadequate, data on capsaicinoid content obtained by 
spectrophotometric assay methods in the early days of capsaicinoid research are 
frequently unreliable. Therefore, effective methods for purification of the crude 
capsaicinoid extracts have to be developed. The progress made in using 
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chromatographic methods such as GLC, GC-MS, TLC, and HPLC has enabled 
capsaicinoid analyses to become more accurate, sensitive, and time efficient. 
2.4.4.1 Column chromatography 
Column chromatography is mainly used to purified crude capsaicinoid extracts. 
Schenk (1955) reports a simple method to isolate capsaicinoids by running them 
through a column of aluminum oxide-activated carbon (100:1, w/w) with development 
by mean of ethyl alcohol. Suzuki et al (1957) prepare a column packed with separate 
layers of acid alumina, basic alumina, and charcoal mixed with an equal weight of 
Kieselguhr, and the extent of capsaicinoid materials in the elutes is determined by 
measuring light absorption at 280 nm. 
Charcoal participates as an effective adsorbent to retain undesirable colored 
materials. However, fats and waxes present in the crude extracts cannot be removed 
with an alumina column by elution with alcohol. Brauer and Schoen (1962) also use an 
alumina oxide column to separate capsaicinoids from carotenoid pigments. 
Capsaicinoids eluted with isopropyl alcohol-water (94:6, v/v) are measured 
spectrophotometrically at 282 nm. 
Jentzsch et al (1969) use a polyamide column to separate capsaicin and 
dihydrocapsaicin on a preparative scale by eluting with 0.2 N sodium hydroxide. 
Miiller-Stock et al (1973) fractionate capsaicin and its analogs on a silicon acid column 
by eluting with various solvent systems. Nordihydrocapsaicin, nonylic acid 
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vanillylamide, and capsaicin are successfully separated from dihydrocapsaicin and 
homodihy drocapsaicin. 
2A.4.2 Thin-layer chromatography 
Several materials have been used as adsorbents for thin-layer chromatography. 
2.4.4.2.1 Silica gel 
Among TLC systems, those involving silica gel as the adsorbent have been most 
widely used (Jentzsch, et al., 1969; Mathew et al.y 1971; Muller-Stock et al., 1973; 
Panker and Magar, 1977). In most cases TLC on silica gel plates is used for the 
complete separation of capsaicinoids in order to obtain a single spot free from other 
impurities so that capsaicinoids can be recognized, quantitated, and/or isolated. 
Various combinations of solvent systems have been examined for better 
separation of capsaicinoids. Jentzsch et al. (1969) use ethyl ether in the preparation of 
capsaicinoids on silica gel HF254. Muller-Stock et al. (1973) try to obtain better 
separation of capsaicinoids by applying a number of different combinations of solvent 
systems such as ethyl ether-ethyl alcohol-25 % ammonia, benzene-ethyl alcohol-25 % 
ammonia, toluene-ethyl alcohol-25 % ammonia, chloroform-ethyl alcohol-25 % 
ammonia, and chloroform-ethyl alcohol-trimethylamine. This group finds that 
chloroform-ethyl alcohol-25% ammonia (9:2:1, by vol.)and ethyl acetate-25% ammonia 
(9:1, v/v) are suitable solvent systems for the satisfactory separation of capsaicin 
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analogs. Panker and Magar (1977) prepare multiband TLC plates coated with 
Kieselguhr G containing 8% activated charcoal between silica gel G in horizontal 
direction and develop the compounds with absolute methyl alcohol-acetic acid (49:1, 
v/v). Pure capsaicinoids are isolated on a preparative scale with 92.5% to 96.2% 
recovery. 
For the visualization of capsaicinoids on silica gel plates, Folin-Denis reagent 
(Mathew et al, 1971), or UV measurement at 280-281 nm (Kubelka et al., 1972) has 
been applied for both qualitative and quantitative use at the pg level. 
2.4.4.2.2 Kieselguhr 
For the isolation of pure capsaicinoids on a preparative scale, Kieselguhr TLC 
has also been used. Karawya et al. use TLC on Kieselguhr plates developed with 
petroleum ether-ethyl alcohol (99:1, v/v) for purification of capsaicinoids prior to 
spectrophotometric determination (Karawya et al., 1967). For this method the recovery 
of capsaicinoids from TLC plates by solvent extraction is almost 100%. 
2.4.4.2.3 Polyamide 
For the separation of capsaicin and its analogs, polyamide TLC plates have been 
used. In one TLC system cellulose powder DC MN 300-polyamide DC (1:9, w/w) 
develops with 0.1 N sodium hydroxide-dimethylformamide (Rangoonwala, 1969), a 
satisfactory separation of synthetic c/s-capsaicin, capsaicin, N-vanillylperalgonic acid 
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amide, and dihydrocapsaicin has been achieved. Polyamide plates are superior to silica 
gel and Kieselguhr plates for the separation of individual analogs, use of such plates on 
a preparative scale is also possible (Jurenitsch et al., 1979a). Jurenitsch et al. (1979a) 
use polyamide TLC for the isolation of pure capsaicin analogs for their identification by 
MS. 
2.4.42.4 Silver ion complexed TLC, reversed-phase TLC, and high performance TLC 
Todd et al. (1975), during the course of seeking a suitable TLC method for the 
qualitative analysis of natural and synthetic capsaicin analogs, compare three methods 
and find that polyamide plates using silver ion in the developing solvent represents the 
analysis. Capsaicin and its analogs are separated from each other by either silver-nitrate- 
impregnated silica gel TLC or by silicone-treated reversed-phase silica gel TLC. Kosuge 
and Furuta (1970) fractionate the crystal pungent principles from the Japanese 
Capsicum into capsaicin (Rf 0.50), dihydrocapsaicin (Rf 0.32), and two unidentified 
spots with Rf values of 0.42 and 0.21 by silver nitrate TLC on tetralin-coated silica gel 
developed with an equal mixture of methyl alcohol and 2% silver nitrate. 
For analysis of capsaicin analogs at the nanogram level, reversed-phase high 
performance TLC can be a convenient and powerful tool (Suzuki et al., 1980; Jurenitsch 
and Woginer, 1982). Iwai and colleagues (Suzuki et al., 1980) use a Merck RP-8 
reversed-phase silica gel G plate for the separation of capsaicin and its natural and 
synthetic analogs by developing with a mixture of 0.05 M silver nitrate and 0.05 M 
boric acid in 85% methyl alcohol. Location and quantification are carried out with 
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Gibbs’ reagent or by reading the absorbance at 235 nm with a TLC scanner. 
Homodihydrocapsaicin, dihydrocapsaicin, synthetic ds-capsaicin, synthetic cis- 
homocapsaicin, and natural capsaicin are all satisfactorily separated. Better separation is 
obtained on the same plate by two-dimensional TLC developed with 85% methyl 
alcohol in the first development, followed by the mixture of 0.05 M aqueous silver 
nitrate and 0.05 M aqueous boric acid in 85% methyl alcohol. 
2.4.4,3 Gas chromatography 
Because of its high sensitivity, separability, and speed, gas chromatography 
(GC) is a useful tool for capsaicinoid analysis along with TLC and HPLC. 
Capsaicinoids have been first analyzed with GC in the form of fatty acid methyl esters 
after splitting them into fatty acids and vanillylamine by acid hydrolysis (Kusuge and 
Furuta, 1970). Analysis of fatty acid methyl esters continues to be used for the 
quantitation of vanillylamide and other capsaicinoids in extracts from Capsicum fruits 
with glass capillary columns (Jurenitsch and Leinmller, 1980). 
Gas chromatographic analysis of free capsaicinoids has also been reported by 
Morrison (1967) who uses a technique in which free capsaicin analogs are applied to 
column coated with a nonpolar liquid phase, and chromatographied at a fairly high 
temperature. Grushka and Kapral (1977) report that sufficient separation of three major 
components (capsaicin, dihydrocapsaicin and nordihydrocapsaicin) from oleoresin of 
Capsicum fruits is obtained, without any derivatization of capsaicinoids, on either 10 or 
15% Dexsil 300 on Chromosorb W at 240-250 °C. In general, a weakly polar or 
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nonpolar liquid phase is preferred for analysis of capsaicinoids (Todd et al., 1977; 
Sagaraeta/., 1980). 
Because trimethylsilyl (TMS) derivatives of capsaicinoids give better peaks than 
free capsaicinoids, even at lower column temperatures, GLC analysis of capsaicinoids 
has mostly involved TMS derivatives on a moderate or nonpolar liquid phase column 
(Muller-Stock et al, 1973; Jurenitsch, 1979c; Sagara et al., 1980). Trimethylsilylation 
is generally accomplished by use of a mixture of trimethylcholorsilane and 
hexamethyldisilazane in pyridine, by N, 0-bis(trimethylsilyl)acetamide in acetonitrile, 
or by N,0-bis(trimethylsilyl)trifluoroacetaamide (Masada et al., 1971; Todd, et al, 
1977). 
Capsaicinoid peaks may be detected and quantitated using a thermal 
conductivity detector (Todd and Perun, 1961), flame ion detector (Muller-Stock et al, 
1973), or alkaline flame detector (Hartman, 1970). Among these detectors, the flame ion 
detector has been most widely used because of its high sensitivity. 
By using a column (2m x 2mm i.d.) packed with 3% silicone SE-30 on 
Chromosorb GHP (100-120 mesh), Todd et al (1977) obtain satisfactory separation of 
natural and synthetic capsaicinoid mixtures as their TMS derivatives. 
Nordihydrocapsiaicn, homocapsaicin, and homodihydrocapsaicin are also separated 
satisfactorily. Capsaicin and dihydrocapsaicin are separated, enabling a quantitation of 
the individual analogs. 
Complete separation of capsaicin and dihydrocapsaicin on a normal-sized 
packed column is still difficult. For Complete separation of individual analogs a 
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capillary column coated with a high temperature-resistant liquid phase such as silicone 
OV series is useful. 
2.4.4A Gas chromatography - mass spectrometry 
Gas chromatography is an excellent technique for the rapid analysis of capsaicin 
and its analogs, and it is possible in part to obtain information on the structure of 
unidentified capsaicin analogs by comparing relative retention times on the gas 
chromatogram (Kosuge and Furuta, 1970). However, information obtained from 
retention time values is by no means as conclusive as that obtained from mass spectra 
and NMR spectra. Mass spectrometry (MS) is a powerful method for the identification 
of unknown compounds. Gas chromatography - mass spectrometry (GC-MS) spares the 
analyst the sophisticated and tedious pretreatment by making it possible to perform 
simultaneous separation and identification experiments. 
The idea proposed by Bennett and Kirby (1968) that the pungent principle of C. 
annuum is composed of at least five closely related compounds is directly confirmed by 
Masada et al. (1971) using GC-MS analysis. In the mass spectra, the molecular ions of 
capsaicin, dihydrocapsaicin, nordihydrocapsaicin, homodihydrocapsaicin, and 
homocapsaicin are observed at m/z 305, 307, 293,321, and 319, respectively (Masada et 
al, 1971). TMS derivatives of capsaicin, dihydrocapsaicin, nordihydrocapsaicin, 
homodihydrocapsaicin, and homocapsaicin show molecular ion peaks at m/z 377, 379, 
365, 393, and 391, respectively, together with the most abundant common fragment 
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peak at m/z 209 derived from the 4-0-TMS-3-methoxybenzyl ion. The M-15 ions are 
also commonly observed in TMS derivatives of capsaicinoids. 
Gannett et al. (1988) propose two GC-MS methods to determine capsaicin- 
related materials. First, the capsaicinoids display a very characteristic fragment with an 
m/z of 137 (Structure I). For each of the seven capsaicin-related compounds identified 
in the mixture this is the base peak. Second, the capsaicinoid mixture is methylated with 
dimethyl sulfate and the GC-MS determination repeated on the methylated mixture. 
Each of the components of the mixture which previously showed a base peak of m/z 137 
now displays one at 151 (Structure II), indicating that the aromatic ring has been 
methylated. 
OH 
H3CO 
T 
ch2+ 
Structure I, m/z = 137. Structure n, m/z =151. 
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The detection limit of the GC-MS technique is generally around 0.1 jig for a 
peak, however, the sensitivity can be improved to the nanogram to subprogram level by 
using a selective ion monitoring technique (Lee et al., 1976) or mass chromatography 
(Iwai et al., 1979b). By selective ion monitoring or mass chromatography, numbers of 
capsaicin analogs are identified and quantified simultaneously even when two peaks are 
inseparable on the chromatogram. Moreover, even when the capsaicinoid peaks are 
contaminated with impurities, both selective ion monitoring and mass chromatography 
enable determination of the individual analog provided that characteristic mass 
fragments for the individual analog are not overlapped and obscured by peaks due to 
impurities. 
2.4.4.5 High performance liquid chromatography 
High performance liquid chromatography (HPLC) is a powerful method that is 
far superior to the conventional analytical techniques that have been applied to the 
capsaicinoids. The basic principle of HPLC is essentially the same as that of 
conventional column chromatography. However, owing to the introduction of carefully 
selected high performance column packing materials, high pressure loading, and highly 
sensitive detectors, the separation efficiency, analysis time, detection limit, and sample 
amount required for chromatography are significantly improved relative to conventional 
liquid chromatography. Besides improvements in column and pumping systems, the 
introduction of highly sensitive detectors in HPLC has enabled the detection of 
nanogram quantities of capsaicinoids using fluorometric detection (Saria et al., 1981). 
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Analysis of capsaicinoids by HPLC was first reported by Lee et al (1976) in the 
isolation of pure capsaicin from commercial capsaicin on a reversed-phase column 
coated with octadecyltrimethoxysilane using a linear gradient formed by increasing the 
concentration of methyl alcohol in water. By this procedure, separation of the analogs is 
accomplished in only 20 min. The advantage of capsaicinoid analysis by HPLC is that it 
does not require any modification of the capsaicinoid mixture prior to injection. 
In the HPLC analysis of capsaicinoids, reversed-phase chromatography is 
preferred because separation of the individual capsaicinoids can be accomplished 
directly. This is not possible with normal-phase chromatography because the 
capsaicinoids differ only in their fatty acid side chains. 
The American Spice Trade Association (ASTA, 1985) recommends the 
Woodbury (1980) method for the analysis of capsaicinoids. Although the method cannot 
distinguish between two of the major capsaicinoids, capsaicin and dihydrocapsaicin, all 
members of the seven capsaicinoids can elute quickly in about 5 min, such a quick 
result is appreciated by quality control laboratories. A UV detector is specified for this 
method, although the use of a fluorescence detector can lessen interferences. 
In 1983, Hoffman et al present an HPLC method of detection for capsaicinoids 
which is now widely used. Since that time, HPLC has become a common analytical 
technique, HPLC columns have improved tremendously in efficiency and 
reproducibility, and UV detectors have become more sensitive. The method of Hoffman 
et al has been modified only slightly, taking advantage of improved column technology 
while incorporating oleoresins as products of interest. 
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The Hoffman method uses external-standard quantification with a commercially 
available synthetic material that is very similar in chemical structure to the capsaicinoid 
being evaluated. This material, N-vanillyl-n-nonamide (NVN), is more readily available 
as a pure standard than are natural capsaicinoids and is less expensive than 
commercially available capsaicin. Obtaining useful amounts of pure dihydrocapsaicin 
and nordihydrocapsaicin would be expensive and time consuming and possibly not 
feasible for many laboratories. In this method, a sample is extracted with ethanol in a 
reflux condenser for 5 hr. The extract is cooled, filtered through a membrane filter, and 
injected onto a Cig column with a water-acetonitrile-acetic acid mobile phase. 
Nordihydrocapsaicin, capsaicin and dihydrocapsaicin are separated and quantified 
externally to NVN by UV or fluorescence detection. The levels of these constituents are 
then multiplied by the appropriate factor to generate Scoville heat units, which are 
added to provide a total pungency value. This method is not intended to, nor will it, 
distinguish Capsicum products adulterated with NVN. 
Cooper et al. (1991) recommend a capsaicin analog (4,5-dimethoxybenzyl)-4- 
methyloctamide (DMBMO) as internal standard, UV (280 nm) with fluorescence 
detection. This novel internal standard has a retention time between that of capsaicin 
and dihydrocapsaicin and is nonpungent. 
Collins et al (1995) improve the HPLC method by the use of two analytical 
methods. One method involves determination of the total amount of heat units in 7 
minutes, while the other provides the total amount of heat units as well as separation of 
all major and minor capsaicinoids in 20 minutes. 
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Because no official method is recommeded by the Association of Official 
Analytical Chemistry (AOAC) for the determination of capsaicinoids in Capsicums and 
their extractives, a joint AOAC-ASTA effort has been made since 1991 to validate an 
HPLC method through a collaborative study. A previous interlaboratory collaboration 
by AST A yielding unsatisficatory results serve as the basis for further action in 1995 
(Parrish, 1996). The Hoffman method is chosen over the ASTA method as a result of a 
survey of the companies known to use LC for measuring pungency. Sixteen laboratories 
participate in the study and analyze 6 ground Capsicum and 3 oleoresin products as 12 
samples from a mixed scheme of blind duplicates and Youden matched pairs. Average 
repeatability and reproducibility standard deviations (Sr and SR, respectively) and 
average relative standard deviations (RSDr and RSDR, respectively) for ground pepper 
are as follows: Sr, 610 Scoville heat units (SHU); SR, 1730 SHU; RSDr, 1.7%; RSDR, 
4.9%. For ground chili peppers, the values are Sr, 60 SHU; SR, 160 SHU; RSDr, 4.0%; 
RSDR, 10.6%. For oleoresin red pepper, the averages are Sr, 46820SHU; SR, 54990 
SHU; RSDr, 8.5%; RSDR, 11.2%. This technique is officially adopted by AOAC 
INTERNATIONAL. 
66 
2.4.5 Immunoassay for capsaicinoids 
Surprisingly, so far there has been no report on the development of an 
immunoassay for capsaicinoids. Even though the HPLC method has been successful in 
the analysis of capsaicinoids, there is still room for improvement due to the fact of its 
low sensitivity and time- and labor-intensive character. Development of a simple, fast, 
economical immunological method for capsaicinoid analysis would be of great value. 
Immunoassay techniques have been widely used in many areas to detect small 
molecules, and are superior to conventional instrumental methods when large sample 
sizes are involved. The development of an immunoassay for capsaicinoids may lead to 
its routine use in the quality control of food, pharmaceutical, agricultural products. The 
method would also be important in the research area in the study of pain. 
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CHAPTER III 
MATERIALS AND METHODS 
3;1 Development of anifiraunflfliagav for capsaicin and dihvdrocansaicin 
3.1.1 Chemicals and instruments 
Capsaicin, [N-(4-hydroxy-3-methoxybenzyl)-8-methylnon-6-trans-enamide], 
and dihydrocapsaicin, [N-(4-hydroxy-3-methoxybenzyl)-8-methylnonanamide], and 
sodium dececyl sulfate (SDS) were obtained from Sigma (St. Louis, MO). N- 
hydroxysuccinimide (NHS), 1, 3-Dicyclohexylcarbodiimide (DCC), methyl 5- 
bromovalerate, 1-methyl-3-nitro-l-nitrosoguandine (MNNG), picryl sufonic acid 
(TNBS), silica gel (60 A average pore diam., 2 - 25 p particle size), carboxymethyl 
cellulose (solid sodium salt, 3000 - 6000 centipoises viscosity in 1% aqueous solution) 
were purchased from Aldrich (Milwaukee, WI). 
Solvents used were Fisher reagent grade. Tetrahydrofuran (THF) was distilled 
from calcium hydride. Acetone was redistilled and dried with 4 A activated molecular 
sieves. Anhydrous potassium carbonate, sodium sulfate were obtained from Fisher, and 
heated at 105 °C for 1 h before use. Gelatin, Carbowax@ polyethylene glycol (PEG) 
20,000, acetic acid (HOAc), hydrochloric acid (HC1), potassium phosphate-dibasic, 
potassium phosphate-monobasic, sodium chloride (NaCl), sodium carbonate (Na2C03), 
sodium bicarbonate (NaHC03), sodium hydroxide (NaOH), and potassium hydroxide 
(KOH) were also obtained from Fisher. 
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Analytical thin layer chromatographic (TLC) plates were obtained from 
Whatman (Kent, England) with a 250-pin layer of silica gel (impregnated with a 
fluoresce dye) coated on a 20 x 20 cm aluminum backing sheet. Each preparative scale 
TLC plate was coated manually with about a 1-mm layer of silica gel on a 20 x 20 cm 
glass plate (Touchstone and Dobbins, 1988). Silica gel (100 g) in 250 ml of 0.5% 
carboxymethyl cellulose aqueous solution was coated onto five 20 x 20 cm glass plates. 
After drying at room temperature over 48 h, each plate was activated at 105 °C for 1 h 
before use. 
Bovine serum albumin (BSA), fraction V, and Freund’s complete and 
incomplete adjuvants were obtained from Gibco (Grand Island, NY). Human serum 
albumin (HSA, fraction V, fatty acid free), tris (hydroxymethyl)aminoethane 
hydrochloride, thimerosal (sodium ethylmercurithiosalicyate), and Tween 20 
(polyoxyethylenesorbitan monolaurate) were purchased from Sigma. 3,3’,5,5’- 
Tetramethylbenzidine (TMB), and urea peroxidase were purchased from Calbiochem 
(La Jolla, CA). Dialysis tubing (molecular weight cut off 12,000 - 14,000) was obtained 
from Fisher. Goat anti-rabbit horseradish peroxidase-conjugated antibody (IgG-HP) was 
obtained from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA). Plastic 
syringes, 1 and 5 ml, were obtained from Bacton-Dickinson (Rutherford, NJ). ELISA 
strips were obtained from Nunc Inc. (Denmark). The freeze-drying apparatus was 
bought from Savant Instruments, Inc. (Farmingdale, NY). 
Ultraviolet and visible spectrophotometric analysis was carried out using a LKB 
Ultraspec 4050. Absorbances from ELISA were red on a Thermo-Max microplate 
reader from Molecular Devices (Sunnyvale, CA), and are reported as the optical density 
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(O.D.). The data from the reader were calculated with Softmax software. Gas 
Chromatography - Mass Spectrometry (GC-MS) (HP2010) was used to separate and 
identify synthetic products. Infrared (IR) spectra were recorded on a Perkin Elmer 1420 
ratio recording spectrophotometer. The chart was calibrated against polystyrene (1601 
cm'1). Proton nuclear magnetic resonance (!H NMR) was performed on a 60 MHz 
Perkin Elmer R12A instrument. Chemical shifts (k) are reported in parts per million 
(ppm), down field from the internal standard, tetramethylsilane (k 0.0). All spectra 
(NMR, IR, MS) are found in Appendix A. 
Four female New Zealand White rabbits, marked as CY2, CY3, CY4, and CY5, 
were raised in the animal care center of the University of Massachusetts, Amherst. 
Autosep® serum separation tubes (16 xlOO mm) and Venoject® needles (20 G x 1.5”) 
(Terumo Medical Co., Elkton, MD) were used to collect blood. Ten ml of blood were 
collected from each of the four rabbits as control serum before immunization. 
3.1.2 Organic synthesis of haptens for capsaicin and dihvdrocapsaicin 
The following sections describe the synthesis of all intermediates necessary for 
the preparation of haptens for capsaicin and dihydrocapsaicin. All organic synthetic 
steps were primarily monitored on analytical TLC plates. 
Capsaicin-spacer ester 
A 10 ml dried acetone solution containing 152.7 mg (0.5 mmol) of capsaicin, 
150 mg (1.0 mmol) of methyl 5-bromovalerate, and 138.2 mg (2.0 mmol) of anhydrous 
potassium carbonate, was placed in a 25-ml, two-necked round-bottomed flask fitted 
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with a reflux condenser and sealed stirrer unit. The solution was refluxed with an 
electrical heater bath for 18 h with stirring, which led to the formation of a white slurry. 
The reaction mixture was poured into 30 ml of water, 15 ml of ethyl ether was 
added to extract the organic substances from water. And three 15-ml potions of ether 
were used to extract the aqueous layer. The combined organic layer was washed with 
three potions of 10% acetic acid, then three portions of deionized water, and dried over 
anhydrous sodium sulfate. The ether was removed with a rotary evaporator under 
reduced pressure to give 200 mg of the crude product. 
The mixture was purified with a preparative TLC plate (ethyl acetate : hexane 
30:70) to a mixture of capsaicin and its ester derivative, and this mixture was then 
detected on GC-MS. Capsaicin and capsaicin-spacer ester could be separated on GC, 
and individual peaks were detected by MS for both compounds. The capsaicin-spacer 
ester showed the following spectrum: MS (70 ev) m/e (relative intensity): 419 (M+, 2), 
152 (5), 137 (19), 116 (6), 115 (100), 106 (3), 84 (8), 73 (8), 69 (2), 59 (3), 55 (8), 41 
(2). An outline of the synthesis is presented in Figure 4. 
Capsaicin-spacer acid 
Capsaicin-spacer ester (about 200 mg of crude product) was dissolved in 2 ml 
of methanol and an aqueous solution of potassium hydroxide (10% solution, 2 ml) was 
added and the mixture heated under reflux for 4 h. The methanol was evaporated, and 
the residue was diluted with water (10 ml) and acidified with hydrochloric acid to pH 2. 
The organic material was extracted with ethyl acetate and the extract was washed with 
brine, dried over sodium sulfate, filtered, and the solvent was evaporated to give a solid 
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residue. The mixture was purified on a preparative TLC plate (Hexane : Ethyl Acetate : 
Acetic Acid, 70 : 30: 0.5) to give 139 mg of the crude acid. 
In order to detect organic acid by GC-MS, a simple methylation step using 
diazomethane was made before the samples were injected onto the GC column. A 
diazomethane generator obtained from Aldrich was used to produce a 
diazomethane/ethyl ether solution from l-methyl-3-nitro-l-nitrosoguandine (MNNG) 
without distillation in a closed system (Aldrich Technical Information Bulletin No. AL- 
180). 
One mg of purified capsaicin-spacer-acid was dissolved in 0.5 ml of absolute 
methanol, the solution cooled in ice before an ether solution of diazomethane was added 
in small portions until gas evolution ceased. The organic solvents were evaporated, and 
the product was detected on GC-MS. Capsaicin-spacer ester showed the following mass 
spectrum: MS (70 ev) m/e (relative intensity): 419 (M+, 2), 152 (5), 137 (19), 116 (6), 
115 (100), 106 (3), 84 (8), 73 (8), 69 (2), 59 (3), 55 (8), 41 (2). The synthetic procedures 
used and the derivatization method are outlined in Figure 5. 
Capsaicin-spacer-NHS ester (capsaicin hapten) 
DCC (83 mg, 0.4 mmol) was slowly dropped into a cold ( 0 °C) solution of N- 
hydroxysuccinimide (34.5 mg, 0.3 mmol) and capsaicin-spacer-acid (81 mg, 0.2 mmol) 
in THF (4 ml). The mixture was stirred for 2 h at room temperature and allowed to stand 
at 4 °C for 24 h. A,A’-Dicyclohexylurea (DCU) which separated as a white solid was 
filtered, and 20 ml of dichloride methane was added. The organic solution was washed 
with 10% aqueous NaHC03 (3 x 10 ml), water (3 x 10 ml), 10% aqueous acetic acid (3 
x 10 ml), water (3 x 10 ml), dried over sodium sulfate and the solvent was removed. 
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The mixture was purified on preparative TLC plates to give 52 mg of ester. The purified 
NHS activated ester was examined by ]H NMR and IR. !H NMR (CDC13, 60 MHz): k 
0.89 (s, 3H, -Me); 1.00 (s, 3H, Me); 1.26 (m, 6H, -CH2); 2.01 (m, 4H, -CH2); 2.20 (m, 
2H, -CH2); 2.33 (m, 2H, ~CH2); 2.76 - 2.83 (m, 6H, -OCH2-, succinimidyl CH2); 3.84 (s, 
3H, -OCH3); 4.31 - 4.41 (m, 2H, vanillyl CH2); 5.33 - 5.38 (m, 2H, alkene H); 6.81 (s, 
4H, aromatic H, amide H). IR (neat): cm'1 3320 (m, NH, DCU), 2911, 2900, 2855, 1705 
(m, C=0), 1633 (s, N-C=0), 1538, 1518, 1461, 1422, 1261, 1133 (m, C=C). The 
synthetic procedures are outlined in Figure 6. 
Dihydrocapsaicin hapten synthesis followed that for capsaicin (Figure 4-6), the 
major spectra were listed as follows: 
Dihydrocapsaicin-spacer-ester 
MS (70 ev) m/e (relative intensity): 421 (M+, 1), 152 (5), 151 (3), 137 (15), 116 
(7), 115 (100), 107 (3), 83 (7), 73 (7), 59 (2), 55 (5). 
Dihydrocapsaicin-spacer-acid 
After methylation, dihydrocapsaicin-spacer acid became methyl ester, which had 
MS (70 ev) m/e (relative intensity): 421 (M+, 1), 152 (5), 151 (3), 137 (15), 116 (7), 115 
(100), 107 (3), 83 (7), 73 (7), 59 (2), 55 (5). 
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Dihydrocapsaicin-spacer-NHS ester (dihydrocapsaicin hapten) 
!H NMR (CDC13, 60 MHz): k 0.80-0.90 (m, 6H, Me); 0.95 (m, 2H, CH2); 1.25 
(m, 8H, -CH2); 2.05 (m, 4H, -CH2); 2.15 (m, 2H, -CH2); 2.31 (m, 1H, -CH); 2.63 (m, 
2H, CH2-C=0); 2.81 (m, 4H, succinimidyl CH2); 3.82 (s, 3H, -OCH3); 4.29 - 4.38 (m, 
2H, Vanillyl CH2); 6.79 (s, 4H, 3 aromatic H, 1 amide H); 7.32 (s, 1H, CHC13). 
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Figure 4. Synthesis of capsaicin-spacer-ester (1) and dihydrocapsaicin-spacer-ester (2). 
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Figure 5. Synthesis of capsaicin-spacer-acid (1) and dihydrocapsaicin-spacer-acid (2). 
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Figure 6. Synthesis of activated capsaicin-spacer-NHS ester (1) and dihydrocapsaicin- 
spacer-NHS ester (2). 
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3.1.3 Antigen synthesis - protein coupling reactions 
3.1.3.1 Coupling of capsaicin and dihvdrocapsaicin haptens to carrier proteins 
Capsaicin-spacer-NHS ester or dihydrocapsaicin-spacer-NHS ester (20 mg, 0.04 
mmol) was dissolved in 1.0 ml of THF and the solution added dropwise to a solution of 
BSA (28 mg, 4 mmol) or HSA (28 mg, 4 mmol) in THF/H20 (50:50) pH 8.5, and the 
mixture stirred at room temperature for 6 h, and at 4 °C for an additional 72 h. 
The resulting solution was dialyzed for 72 h, the deionized water being changed 
three times each day. The conjugated antigen was lyophilized in a Savant freeze-drying 
apparatus. Dried antigen was sealed in a bottle and kept in a freezer at - 20 °C. An 
outline of the process is given in Figure 7. 
3.1.3.2 Analysis of antigens 
Since major coupling occurs at amino acid lysine, Habeeb’s method (1966) was 
used to test the coupling ratio between protein and capsaicin-spacer-NHS ester. 
Protein solutions, bovine serum albumin (BSA), human serum albumin (HSA), and four 
capsaicinoid conjugates, including capsaicin-spacer-BSA, capsaicin-spacer-HSA, 
dihydrocapsaicin-spacer-BSA, and dihydrocapsaicin-spacer-HSA, were each prepared at 
a concentration of 1 mg/ml in deionized water. A 1-ml aliquot of each of the above 
solutions was removed (in triplicate) and to it was added 1 ml of 4% sodium 
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bicarbonate (NaHCC>3, pH 8.5), and 1 ml of 0.1 N picryl sulfonic acid (TNBS, freshly 
prepared). The solutions were allowed to react for 2 h at 40 °C. Each solution then 
received 1 ml of 10% sodium docecyl sulfate (SDS) to dissolve the protein and prevent 
it from precipiting on addition of 0.5 ml of 1 N HC1. A 150-pl aliquot of each solution 
was transferred to a well on an ELISA plate. The absorbance of the various solutions 
was determined at 340 nm against a blank solution which used 1 ml of deionized water 
instead of a 1 ml protein solution. The readings were used to calculate how many free e- 
amino lysine units were present in the protein and in the conjugate, which then allowed 
calculation of the conjugation ratio for antigens of capsaicin and dihydrocapsaicin. The 
antigens obtained were used as immunogens to inject the rabbits and as coating antigens 
for immunoassay. 
3.1.4 Antibody production 
Rabbits CY2 and CY3 were injected with the capsaicin immunogen (BSA 
conjugate), CY4 and CY5 were injected with the dihydrocapsaicin immunogen (BSA 
conjugate). Each rabbit received an injection through its ear vein of 200 fig of 
lyophilized capsaicin-BSA or dihydrocapsaicin-BSA dissolved in 0.5 ml of sterilized 
phosphate buffered saline (PBS) (0.05 M potassium phosphate buffer, and 0.05 M NaCl, 
PH 7.4). After injection, rabbits were allowed to rest for a month. 
Each rabbit was then injected into the dorsal neck region subtaneously with an 
emulsion of 200 pg of capsaicin or dihydrocapsaicin immunogen in 250 pi of sterilized 
PBS and 250 pi of Freund’s complete adjuvant. Boost shots of the immunogen (400 pg 
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per rabbit) in 250 pi of Freund’s incomplete adjuvant and 250 pi of PBS buffer were 
given intramuscularly into the hind thigh (250 pi per thigh) three weeks after the second 
shots. Serum from each rabbit was collected one week after the booster shot. 
Autosep® serum separation tubes (16 xlOO mm) and Venoject® needles (20 G x 1.5”) 
(Terumo Medical Co., Elkton, MD) were used to take blood. The immunization 
schedule is shown in Figure 8. 
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Figure 7. Synthesis of antigens for capsaicin and dihydrocapsaicin. 
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3.1.5 Development of ELISA protocols for capsaicin and dihvdrocapsaicin 
To optimize the immunoassay conditions for capsaicin analysis, checkerboard 
assays (Herman, 1988) in the format of an indirect enzyme linked immunosorbent assay 
(ELISA) were conducted with conjugates from different coupling reactions, and antisera 
from different collections and different animals. Wells were coated with different 
concentrations from 0.1 to 100 ng/well of the capsaicin or dihydrocapsaicin coating 
antigen (coupled with HSA) in carbonate buffer (100 pi, 0.05 M sodium carbonate 
buffer, 0.01% thimerosal, PH 9.6). The wells were incubated in a moist chamber (37 
°C, 48 h), and then washed three times with phosphate buffer solution which contained 
0.5% of Tween-20 (PBST), followed by three washer with deionized water. All wells 
were then incubated at room temperature with a blocking solution (150 pl/well, 0.15% 
gelatin and 0.15% PEG in PBST), and washed (3x PBST, 3x water). All wells were 
incubated at 37 °C for 2 h with the rabbit antisera (100 pi, diluted from 1:1,000 to 
1:100,000 with antibody buffer, 1% BSA and 0.1% HSA in PBST). The wells were 
washed (3x PBST, 3x water). Goat antirabbit horseradish peroxidase conjugated 
antibody (100 pi, diluted 1:10,000 with antibody buffer) was added to all wells and 
incubated at 37 °C for 2 h. The wells were washed (3x PBS, 3x water) and a substrate 
solution was added to each well at 0.1 ml/well. The substrate solution, modified from 
Bos et al. (1981), consisted of sodium acetate/citric acid buffer (0.1 M, pH 6.0, 10.0 
ml), urea peroxide (5 mM, 1.0 ml), and 3, 3’, 5, 5’- tetramethylbenzidine (TMB, 42 mM 
in dimethylsulfoxide, 0.15 ml). The color reaction was allowed to continue at room 
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temperature for 20 to 30 minutes before it was stopped by the addition of sulfuric acid 
(2 M, 50 jil/well). The absorbance (O.D.) was determined at 450 nm. 
After the optimized working concentrations of antibody and coating antigen 
were decided according to the results of the checkerboard test, a competitive inhibition 
test was then set up as illustrated in Figure 9. Capsaicin or dihydrocapsaicin standard, at 
increasing concentration in 95% ethanol (5 |il/well), was added to coated wells, 
followed by rabbit anti-capsaicin or anti-dihydrocapsaicin antiserum diluted in antibody 
buffer (0.1 ml/well). The wells were incubated in a moist chamber for 2 h at 37 °C. The 
remainder of the procedures followed that described above. The O.D. values were used 
to make a standard curve for this ELISA of capsaicin and dihydrocapsaicin. The 
standard solution of capsaicin or dihydrocapsaicin ranged from 0.05 ng - 500 ng / well. 
Cross reactivity of the antiserum was determined by testing between capsaicin and 
dihydrocapsaicin. Capsaicin solutions (5 pi) were added to the wells coated by 
dihydrocapsaicin-HSA, followed by diluted rabbit anti-dihydrocapsaicin antiserum. The 
remaining ELISA procedures were identical to those described above. The relative 
cross-reactivity of capsaicin to anti-dihydrocapsaicin antiserum was calculated 
according to their I50 values (concentration of analyte needed for 50% inhibition of the 
assay). The relative cross-reactivity of dihydrocapsaicin to anti-capsaicin antiserum was 
determined similarly. 
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Figure 8. Injection of the capsaicinoid immunogens into rabbit caused an immune 
response. Antibodies were collected in the serum portion of the blood (Modified from 
Mei, 1988). 
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Figure 9. The indirect competitive enzyme-linked immunosorbent assay (cELISA) 
(Modified from Skanker and Beier, 1996). 
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3.2 Quantification of capsaicinoid using immunoassays 
3.2.1 Sample preparation 
3.2.1.1 Dry red peppers 
The pepper extract samples were gifts from the McCormick Co. (Maryland). The 
capsaicinoids were extracted from 2.0 g of the ground red pepper in 10.0 ml of 95% 
ethanol by heating at 65 - 75 °C for 5 h according to Hoffman’s method (1983). The 
suspended material was allowed to settle and a sample of the supernatant was 
transferred to a Teflon-lined screwcap vial. The samples were placed in the freezer at - 
20 °C. Since some oil-like materials were suspended after long time freezing, the sample 
was brought to 20 °C for 24 h, and supernatant was transferred into a different Teflon- 
lined screwcap glass vial. The samples were then kept at room temperature, and 
analyzed by ELISA and HPLC within two days. Recovery tests had also been done by 
the McCormick Co.. Each sample was fortified with purified synthetic compounds 
(nordihydrocapsaicin, N-vanillyl-n-nonamide, and dihydrocapsaicin, respectively). To 
confirm the reproducibility of this method, a single red pepper sample was analyzed 5 
times by HPLC (Hoffman et al., 1983). 
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3.2.1.2 Fresh pepper samples 
Various Capsicum peppers including hot banana, cherry, sweet cherry, sweet 
banana, green bell, and red bell, were collected from the experimental field of the 
University of Massachusetts Extension in South Deerfield, Massachusetts on October 
12, 1996. The peppers were chopped into small pieces from different parts of the pepper 
fruits. To avoid possible capsaicinoid loss from the heat of a drying oven, the 
capsaicinoids were extracted from 10.0 g of the fresh pepper samples in 50.0 ml of 
100% ethanol by soaking at room temperature for 30 days in a sealed bottle. The 
supernatant (2ml) was transferred to a Teflon-lined screwcap vial. Such sample was 
analyzed by ELISA and HPLC within two days. Dry weights of fresh peppers were also 
measured by drying in a oven at 60 °C for five days. The results of HPLC and ELISA 
were then readjusted to mg capsaicinoids per dry weight. 
3.2.1.3 Pain-relief creams 
Two commercial brands of capsaicin-containing pain relief creams were 
purchased in drug stores of Amherst, Massachusetts. Capzasin.HP (Thompson Medical 
Co., Inc., West Palm Beach, FL) and Zostrix (Genderm Corporation, Lincolnshire, IL) 
each contained 0.075 % and 0.025% of purified capsaicin, respectively according to the 
label. The capsaicinoids were extracted from 2.0 g of the cream samples by means of 
10.0 ml of 95% ethanol by shaking at room temperature for 48 h in a sealed bottle. The 
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solution (about 0.5 ml) was filtered via a 0.2 pm PTFE-F filter (Aldrich) and transferred 
to a Teflon-lined screwcap vial. The filtered sample was analyzed by ELISA and HPLC 
within two days. 
3.2.2 ELISA detection 
To eliminate plant materials which may interfere with ELISA, chromatographic 
methods (TLC) and serial dilution methods were often used (Skerritt and Rani, 1996). 
TLC methods are very effective to remove interference from samples, however, these 
techniques are time-consuming and costly. Serial dilution methods are very simple, but 
work only when the assay has a high sensitivity. To meet the sensitivity requirement, 
different assay conditions were tested to develop an improved ELISA with adequate 
sensitivity. 
Ethanol extracts were serially diluted in 95% ethanol. Aliquots (5 pi) of the 
diluted solution were applied to the improved capsaicin ELISA. The proper working 
dilution for a given pepper species was determined by comparing the concentration 
determination of the ELISA. If the concentration was the same at two or three 
consecutive dilutions, one dilution within this range would be selected as the working 
dilution. Dilution fold was calculated from sample weight. For example, in the ELISA 
detection of dry red pepper samples, 2.0 g of ground sample was extracted with 10 ml of 
95% ethanol, the extract was diluted 160 x with 95% ethanol before it was added to the 
ELISA plate, therefore, dry red pepper was analyzed at 800 x (5x160=800) dilution. 
Each pepper sample extract was diluted into three glass test tubes according to its 
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working dilution, each of these triplicate dilutions was analyzed four times in a 
microplate. Therefore, total 12 detections were made for each pepper sample. For pain- 
relief creams, three creams of each brand were purchased and three aliquots of each 
cream sample were extracted individually, each extract was made 3 same dilutions and 
each dilution was analyzed 4 times in an ELISA plate. 
Possible cross reactivities of some substances were investigated for the CY3 
antiserum. These substances included p-carotene (Nutritional Biochemicals Co., 
Cleveland, Ohio), vanillin, L-leucine, and L-valine (Sigma), which are either present in 
pepper fruits or are intermediates in the biosynthesis of capsaicinoids. Five pi of 95% 
ethanol or aqueous solutions containing different concentrations of the above substances 
were added to a well on the ELISA plate as a substitute for the capsaicin standard 
solution. All remaining steps of the ELISA were the same as described above. The 
calculation of cross-reactivity followed that described in Section 3.1.5.. 
3.2.3 Correlation of capsaicinoid analysis by ELISA and HPLC 
HPLC analysis of capsaicinoids was accomplished on a Varian 5000 
high-pressure liquid chromatography with a 5 p Alltech Qg column (250 mm x 4.6 mm) 
and a similarly-packed guard column (7.5 mm x 4.6 mm). The sample was detected at 
280 nm. The mobile phase was acetonitrile-water (60:40, v/v), the flow rate was 1.0 
ml/min and the injection sample size was 20 pi of a solution at 20 °C injected via a 
Rheodyne 7125 sample injector (Rheodyne Inc., Cotati, California). Each sample extract 
was analyzed three times on HPLC. 
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Various samples with capsaicinoid concentrations ranging from 0.1 to 4.0 mg/g 
dry weight were analyzed by HPLC and ELISA within two days. The measurements 
were made to determine whether the ELISA data could approximate the HPLC data 
according to simple regression analysis, and t-test for the correlation coefficient (r ) was 
made to see whether the two analytical methods are correlated or not (Software: Primer 
of Biostatistics, McGraw-Hill, Inc., Highstown, NJ). The statistical calculation (Daniel, 
1978) was made as follows: 
where, r is the correlation coefficient and distributed as Student's t distribution 
with n-2 degrees of freedom, n is the size of a sample. 
3j3 PcMibMborrelation jfjlapsaicinoid content and European com borer damage on 
peppers 
Two pepper cultivars were used: “Cherry bomb”, the hot cherry that is grown 
commercially for processing at Cains, and “Belltower”, a widely used sweet bell pepper. 
Peppers were planted on June 10, 1996, fourteen inches apart in single rows on four- 
foot plastic. For each cultivar, there was an unsprayed treatment and one which was 
sprayed twice weekly with biological pesticide product MVP (Active component is 
Bacillus thuringiensis ssp kurstaki, Mycogen Corp.) at 3 qt. per acre plus Suffix (Helena 
Chemical Co.), a spreader-sticker, at 1.5 pt. per acre. MVP was applied ten times, from 
shortly after second-generation European com borer (ECB) flight until four days before 
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the final harvest (August 1, 8, 12, 16, 19, 23, 27, 31, and September 4 and 6). Captures 
of adult moths exceeded 38 moths/week during the entire period. 
Final harvest samples were taken on September 10 (20 fruits per plot). The fruit 
was cut open and examined for ECB damage. Separate sets of pepper fruits were also 
analyzed by both ELISA and HPLC to give the capsaicinoid content in these samples. 
Extraction of capsaicinoids from fresh pepper fruits was the same as described in 
Section 3.2.1.2.. Analysis of capsaicinoids in peppers by both ELISA and HPLC was 
identical as illustrated in Section 3.2.2 and Section 3.2.3.. Possible correlation of 
capsaicinoid content and European com borer damage on peppers were primarily 
established according to the results from both capsaicinoid analysis and field 
investigation. 
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CHAPTER IV 
RESULTS 
4.1 Development of ELISA for capsaicin and dihydrocapsaicin 
4.1.1 Synthesis of antigens 
4.1.1.1 Synthesis of capsaicin- and dihvdrocapsaicin-snacer-ester 
The synthesis of capsaicin-spacer-ester or dihydrocapsaicin-spacer-ester began 
with the reaction between capsaicin or dihydrocapsaicin and methyl 5-bromovalerate 
under anhydrous conditions. Activated anhydrous potassium carbonate (K2C03) was 
used to pick up trace HBr released during the reaction. The resulting ester and its 
precursor, capsaicin or dihydrocapsaicin, were not further separated before analysis on 
GC-MS. 
The product of the above reaction gave two major GC peaks, one for the reactant 
(capsaicin or dihydrocapsaicin), the other for the ester product. The ratio between the 
product and residual reactant (capsaicin or dihydrocapsaicin) was about 7:3 calculated 
from the two GC peak areas. Thus the reaction yield was about 70%. From the MS 
spectra of the largest peak of the GC chromatogram, there were two major pieces of 
evidence for the formation of the desired ester: First, the molecular ion peak appeared 
on the MS spectra (m/z, 419 for capsaicin-spacer-ester; 421 for dihydrocapsaicin- 
spacer-ester); secondly, the base peak changed from (m/z) 137 (Structure I) of capsaicin 
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or dihydrocapsaicin into (m/z) 115 (Structure II) of the desired ester. The latter is the 
typical characteristic MS peak for methyl 5-bromovalerate. 
Structure I, m/z =137. Structure II, m/z =115. 
4.1.1.2 Synthesis of capsaicin- and dihvdrocapsaicin-spacer-acid 
Capsaicin-spacer-ester or dihydrocapsaicin-spacer-ester was hydrolyzed to the 
corresponding acid by treatment with 10% aqueous potassium hydroxide in methanol 
(v/v, 50/50) (Fumiss et al., 1989). The product was in the form of a yellow oil and was 
detected by GC-MS after derivatization. 
To analyze the organic acid from the above hydrolysis by GC, methylation of 
the acid with diazomethane was carried out to give the methyl ester, which was easily 
detected by GC-MS. For capsaicin two major peaks were found, one at m/z 305 (m/z 
307 for dihydrocapsaicin) ; the other at m/z 419 (m/z 421 for dihydrocapsaicin). The 
latter GC peak area was 2.5 times greater than the former. However, before methylation 
the ratio of these two peaks was reversed. This demonstrated that a substance with m/z 
419 (or m/z 421 for dihydrocapsaicin) was newly formed by methylation, suggesting 
formation of capsaicin-spacer-ester or dihydrocapsaicin-spacer-ester as described above. 
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4.1.1.3 Synthesis of NHS activated esters 
The activated N-hydroxysuccinimide ester (NHS) is an intermediate needed to 
form the coupling reaction between the small organic molecule and the carrier protein. 
DCC is an excellent dehydrating reagent for this propose, DCU is formed as a by¬ 
product. The activated esters of capsaicin and dihydrocapsaicin were purified by TLC, 
identified via 60 MHz ’H NMR and IR, and then used in the protein coupling reaction. 
The NMR results showed that the broad peak (k, 5.82) due to the H atom of the 
phenolic OH group in both capsaicin and dihydrocapsaicin disappeared, being replaced 
by a group of peaks between 2.76 and 2.83 which are derived from the spacer molecule 
(methyl 5-bromovareate) and the heterocyclic ring of NHS. 
The IR results also gave evidence for formation of the activated NHS ester. The 
most direct evidence involved that appearance of for the carbonyl group of an anhydride 
at 1700-1800 cm'1. Due to interfering absorptions of the amide bond and from DCU, it 
was not possible to use IR to follow the formation of the NHS ester by monitoring the 
disappearance of the phenolic hydroxyl group. 
4.1.1.4 Protein coupling reaction 
The activated N-hydroxysuccinimide ester method is often used for the 
formation of a conjugate between a carrier protein molecule bearing many free amino 
groups and low molecular interest carboxyl acid (Mei and Yin, 1991). A reaction time 
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of 48 h allowed for reaction of many of the available amino residues on the protein. A 
low pH buffer (pH 8.5) was used in the reaction to prevent hydrolysis of the hapten- 
spacer-N-hydroxysuccinimide ester (Mei, 1988). 
After the product mixture was dialyzed and lyophilized, a light yellow solid of 
about 40 mg was obtained in the case of each antigen of capsaicin and dihydrocapsaicin. 
All antigens had good solubility in water especially those derived from HSA. 
4.1.1.5 Monitoring the protein coupling reaction 
The number of free amino groups of lysine which had been conjugated to 
capsaicin and dihydrocapsaicin were determined by Habeeb’s method (1966). Table 1 
summarizes the data collected for three samples of each protein. 
It was found that 76.17% and 69.19% of the s-amino groups of lysine in HSA 
were conjugated to capsaicin and dihydrocapsaicin, respectively. The corresponding 
figures were 65.56% and 62.82% for BSA. Since all conjugates exhibited a high 
coupling ratio, and those obtained from HSA were found to have better solubility, 
capsaicin-HSA and dihydrocapsaicin-HSA were selected as coating antigens for ELISA, 
whereas conjugates from BSA were selected as immunogens for rabbit injection. 
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Table 1. Absorbance (340 nm) of proteins allowed to react with trinitrobenzene sulfonic 
acid (TNBS) and estimation of conjugation ratio. 
Solution OD (Mean±SD) # Free e-aminolysine Conjugation Ratio 
Control (CK) 0.262 ± 0.003 a0 
BSA 0.728 ± 0.006 b61 
HSA 0.751 ±0.006 c59 
BSA-capsaicin 0.422 ± 0.002 e21 d65.56% 
HSA-capsaicin 0.378 ±0.006 e14 d76.17% 
BSA-dihydrocapsaicin 0.435 ±0.011 e23 d62.82% 
HSA-dihydrocapsaicin 0.412 ±0.014 e18 d69.19% 
aDeionized water was used as control; bHabeeb, 1966;cMeloun et al., 1975; 
dThe calculation of conjugation ratio (CR) was carried out as follows: 
Because: 
(1) Absorbance (A) = sbC; C=Concentration of solution. 
(2) Assuming: k = (Aconj - Ack) / (Aprotejn - Ack); 
(3) (Aco„j - Ack) / (A„rolein - Aek) = (1- CR)x C, 
(4) C conj. 
/c 
conj. ' ^protein’ 
/C_, = Mr Mr conj = Mr protein / (Mrprotein + ■" protein *t protein' 
CR X M r hapten ); 
(5)MrBSA= 67000; M,„SA = 68460; 
M = 419- M = 421 1VAr capsaicin hapten 1 1Ar dihydrocapsaicin hapten • 
Therefore: 
CR% = 100 X [1- (k(Mt protein + M, haplJ / (Mr protein 
+ k X Mr hapten)]1 
For Example: Capsaicin-BSA 
k = (0.728-0.262)/(0.422-0.262) = 0.343 
CR% = 100 x [1-0.343 x (67000+419) / (67000 + 0.343 x 419)] = 65.56 
e#free c-aminolysine groups left = #free s-aminolysines in protein x (1 - CR%) 
= 61 x(l -65.56%) = 21 
or #s-aminolysine groups reacted in a BSA molecule = 61 - 21 = 40. 
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4.1.2 Production of antibodies against capsaicin and dihvdrocapsaicin 
The introduction of the immunogen into rabbits caused each rabbit to mount an 
immune response. The immunization schedule resulted in the presence of the respective 
antibodies in eight weeks after the first injection of the capsaicin and dihydrocapsaicin 
immunogens. 
Following a recommended format of an indirect ELISA, the working 
concentrations of coating antigens and antibodies were selected by using the 
checkerboard method (Herman, 1988). Checkerboard assays were conducted to give a 
practical working coating concentration of 40 ng/well and 10 ng/well for capsaicin-HSA 
and dihydrocapsaicin-HSA, respectively (100 pi volume), with plates incubated at 37 °C 
for 48 h. The antisera from CY3 and CY5 were used at a dilution of 1:10,000, with 
plates incubated at 37 °C for 2 h. The secondary antiserum (goat anti-rabbit horseradish 
peroxidase conjugated) was used at a dilution of 1:10,000 and 1:15,000 for capsaicin 
and dihydrocapsaicin assays, respectively, with plates incubated at 37 °C for 2 h. Under 
these conditions, standard curves for capsaicin and dihydrocapsaicin were obtained 
(Figures 10 and 11), where optical density was plotted vs. standard capsaicin or 
dihydrocapsaicin added (ng/well). The curve fits the 4-parameter equation very well 
with a detection range from 0.05 to 500 ng/well. The correlation coefficient is seldom 
smaller than 0.99, the mean of the correlation coefficients for randomly selected 10 
detections is 0.996. Figure 12 shows the same data plotted as % inhibition vs. standard 
capsaicin and dihydrocapsaicin added (ng/well). The position of fifty percent inhibition 
(I50) of each assay for capsaicin and dihydrocapsaicin occurs at 3.7 and 4.3 ng/well, 
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respectively. Clearly the antisera from CY3 and CY5 could detect either capsaicin or 
' dihydrocapsaicin in a dose response manner. Standard curves for CY2 and CY4 antisera 
were also made, with I50 is at 6.2 and 10.3 respectively. Therefore CY3 and CY5 
antisera were used in ELISA detection for either capsaicin or dihydrocapsaicin. 
4.1.3 Cross reactivities 
One of the objectives of this thesis was to develop an immunoassay which could 
distinguish capsaicin and dihydrocapsaicin. If CY3 or CY5 antiserum only recognizes 
one of these two compounds, the cross reactivity will be small. In fact, the cross 
reactivities of dihydrocapsaicin and capsaicin for antiserum CY3 and CY5 were 98.2% 
and 91.2%, respectively (Figures 13 and 14). This indicated that CY3 and CY5 antisera 
recognized both capsaicin and dihydrocapsaicin at the same level. At present, standards 
of other capsaicinoids are not available, the cross-reactivities for these capsaicin analogs 
may be tested in the future. Because of their high structural homology, the cross¬ 
reactivities of these capsaicinoids can be expected to be high, the ELISA given should 
be adequate for the estimation of total concentrations of capsaicinoids. 
Possible cross reactivities of some substances which might affect the ELISA 
results were tested (Figure 15). These substances, including [3-carotene, vanallin, L- 
valine, and L-leucine, are among the major substances found in pepper or intermediates 
represent in the biosynthesis of capsaicinoids. None of these materials showed cross¬ 
reactivity to anti-capsaicin antiserum CY3. 
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4.1.4 Development of protocols for immunoassays of capsaicinoids 
The assay protocol was described above, and the standard curve (Figure 10) 
showed that there was no good linear relation between O.D. values and the 
concentrations of capsaicin. The capsaicinoids in the various samples could be detected 
using this protocol with quantitation being effected by software in cooperating a 4- 
parameter equation (Softmax) in relation to the standard curve. 
However, for routine analysis, it was inconvenient to use such of complicated 
equations. The protocol described above was modified and a standard curve was 
generated which showed a better linear relationship between the O.D. value and 
concentration of standard capsaicin. The modified protocol was established though a 
more detailed checkerboard test to approximate the best coating antigen to be 20 ng 
capsaicin-HSA/well (100 pi volume), with plates incubated at 37 °C for 48 h. The 
antiserum from CY3 was used at a dilution of 1:17,500, with the plate incubated at 37 
°C for 2.5 h. The secondary antiserum was used at a dilution of 1:15,000, with the plate 
incubated at 37 °C for 2.5 h Under these conditions, the standard curve for capsaicin is 
given in Figure 16, where optical density is plotted vs. standard capsaicin concentration. 
The linear range was evident from 0.1 ng/well to 10 ng/well. The correlation coefficient 
(r2) was 0.993. 
As noted previously the HPLC method has often been used as a standard 
analytical method for capsaicinoids. The present modification of Hoffman’s HPLC 
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(1983) technique gave standard curves for capsaicin and dihydrocapsaicin which are 
presented in Figure 17. Both ELISA and HPLC methods are compared in Table 2. 
Table 2. Comparison of capsaicinoid analysis by HPLCa and Immunoassayb. 
Characters HPLC Immunoassay 
Linear Range 0.6 - 4.9 jLLg (0.5 -- 5 fig) 0.1 — 10 ng 
Detection Limit 0.5 ^tg (0.5|Xg) 0.1 ng 
Sample Purification extensive not required 
Analytical Time 30 - 40 min / sample 6 h / 16 samples or more 
Cost Estimation high low 
Notes: a: Data from Hoffman et al., 1983 or from this present study (e.g., data in parentheses), 
b: Data from this dissertation. 
4.2 Quantification of capsaicinoids using immunoassays 
Various capsaicinoid-containing products were analyzed by ELISA and HPLC to 
validate the ELISA analysis of capsaicinoids. These products included: ground dry red 
pepper, fresh hot pepper (hot cherry and hot banana), fresh sweet pepper (sweet cherry, 
sweet banana, green bell, and red bell), and two kinds of capsaicin-containing pain- 
relief creams, Zostax (0.025% capsaicin) and Capsaizin.HP (0.075% capsaicin). This 
study focused on the correlation of HPLC and ELISA results to test the validity of the 
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ELISA method. Since complete extraction of capsaicinoids was not the goal of these 
studies, only representative samples were examined for recovery. 
4.2.1 Dry red pepper extraction 
The 95% ethanol extracts of the ground dry red pepper samples were a gift from 
McCormick Co. (Hunt Valley, Maryland). Recoveries were estimated by HPLC to be 
98.9% for nordihydrocapsaicin, 100.6% for capsaicin, and 98.3% for dihydrocapsaicin 
(Data provided by McCormick Co.). 
Because of interferences, a serial dilution method was used. Samples were 
diluted using 95% ethanol. Aliquot of 5 |il diluted sample was added to an ELISA well 
instead of the standard capsaicin solution. The working dilution factor was selected 
according to the ELISA results (Figure 18). Since at 600- to 1000-fold dilution nearly 
the same capsaicinoid concentrations were obtained, a dilution of 800-fold was used to 
test capsaicinoids in all dry red pepper extractions. 
All samples were analyzed by both ELISA and HPLC within two days, all data 
are listed in Table 3 and Figure 19. Twelve samples, which contained from 1 to 12 fig of 
capsaicinoids/ml, were analyzed by both ELISA and HPLC. These two methods showed 
good correlation (r2 = 0.93) and there is no significant difference (p< 0.001). 
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Table 3. Detection of capsaicinoids in dry red peppers3 by ELISA and HPLC. 
No. of 
pepper 
samples 
ELISA HPLC 
Capsaicinoids 
(mg/g dry wt.) 
SEMb 
(n1=3, n2=4) 
Capsaicin plus 
dihydrocapsaicin 
(mg/g dry wt.) 
SD 
(n=3) 
1 0.774 0.125 1.578 0.083 
2 1.126 0.256 2.355 0.141 
3 1.813 0.696 3.343 0.093 
4 3.153 0.840 5.069 0.673 
5 4.320 1.922 5.245 0.610 
6 5.223 0.347 5.737 0.028 
7 3.739 0.461 5.667 0.885 
8 4.946 0.646 6.366 0.108 
9 5.534 1.227 6.550 0.245 
10 7.214 2.671 6.316 0.187 
11 11.203 1.137 10.137 0.209 
12 11.378 1.851 12.345 0.071 
Notes: 
a. Dry red pepper extracts were obtained from McCormick Co., the results were given in dry 
weight units. 
b. For ELISA detection, a single pepper extract was made 3 same dilutions Oh = 3) and each 
dilution was analyzed 4 times (n2 = 4) in an ELISA plate. 
4.2.2 Igresh pepper samples 
Serial dilution results are given in Figure 20. Since dilutions of 600- to 800- fold 
had almost the same capsaicinoid concentrations, and these concentrations were close to 
the HPLC results (not list here), therefore a dilution of 600-fold was adopted. Dry 
weights of fresh peppers were measured, the dry weights from 50.0 g wet weight of 5 
treatments were (mean ± standard deviation) 4.21 ± 0.29, 6.40 ± 0.50, 3.19 ± 0.87, 4.13 
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± 0.40, 4.10 ± 0.51, and 7.84 ± 1.11 for hot banana, hot cherry, green bell, red bell, 
sweet banana, and sweet cherry peppers. The results of HPLC and ELISA were then 
readjusted to mg capsaicinoids per dry weight. HPLC and ELISA results are given in 
Table 4. Correlation of HPLC and ELISA analyses of the capsaicinoids is given in 
Figure 21 and Figure 22. The correlation coefficients (r2) between ELISA and HPLC 
analyses were 0.84 and 0.74, p values were 0.027 and 0.031, for hot banana and hot 
cherry pepper, respectively. 
Table 4. Detection of capsaicinoids in fresh pepper samples3 by ELISA and HPLC. 
Pepper Samples ELISA HPLC 
Species No. Capsaicinoids 
(mg/g dry wt.) 
SEMb 
(ni=3, n2=4) 
Capsaicin plus 
dihydrocapsaicin 
(mg/g dry wt.) 
SD 
(n=3) 
Hot banana 1 0.468 0.039 0.356 0.140 
2 0.823 0.071 0.522 0.098 
3 0.441 0.168 0.260 0.130 
4 0.379 0.070 0.219 0.093 
5 0.344 0.081 0.302 0.144 
Average 0.491 0.086 0.332 0.121 
Hot cherry 1 0.776 0.115 1.052 0.121 
2 1.894 0.100 1.360 0.094 
3 2.097 0.189 1.684 0.067 
4 0.856 0.097 0.909 0.074 
5 1.069 0.224 1.330 0.025 
6 0.884 0.048 0.783 0.068 
Average 1.263 0.129 1.186 0.075 
Notes: 
a. Fresh pepper samples were extracted directly, the results being given in dry weight units. 
Sweet cherry, sweet banana, green bell, and red bell peppers contained no detectable quantity of 
capsaicinoids; Detection limit (DL) = 0.2 ng/pl (0.1 mg/g dry weight) for ELISA; Detection limit (DL) = 
20 ng/gl (0.2 mg/g dry weight) for HPLC. 
b. For ELISA detection, a single pepper extract was made 3 same dilutions (nj = 3) and each 
dilution was analyzed 4 times (n2 = 4) in an ELISA plate. 
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4.2.3 Capsaicin containing pain-relief creams 
Serial dilution results are given in Figure 23. Since the dilution of 100- to 400- 
fold showed almost the same capsaicinoid concentrations, dilution of 200-fold was used 
as the working dilution. Results were given in Table 5. Correlation of the HPLC and 
ELISA analyses for the capsaicinoids is given in Figure 24. There was no significant 
difference between the ELISA and HPLC analyses of capsaicinoids for these two 
creams (r2 = 0.95, and p=0.001). 
Table 5. Detection of capsaicinoids in pain-relief creams3, Capzasin.HP (0.075% of 
capsaicin) and Zostrix (0.025% of capsaicin), by ELISA and HPLC. 
Samples ELISA HPLC 
Brand No. Capsaicinoids 
(%) 
SEMb 
(nj=3, n2=3, 
n3=4) 
Capsaicin plus 
dihydrocap.(%) 
SEMC 
(ni=3, 
n2=3) 
Capzasin. 
HP 
(0.075% 
capsaicin) 
1 0.099 0.003 0.102 0.006 
2 0.116 0.006 0.091 0.011 
3 0.100 0.010 0.088 0.014 
Zostrix 
(0.025% 
capsaicin) 
1 0.021 0.003 0.027 0.001 
2 0.025 0.001 0.027 0.004 
3 0.030 0.006 0.024 0.004 
Notes: 
a. The percentages of capsaicin (0.075% and 0.025%) were labeled on the products. Three of 
each brand cream were analyzed by HPLC and ELISA. 
b. For ELISA detection, three Oh = 3) aliquots of a single cream sample were extracted 
individually, each extract was made 3 same dilutions (n2 = 3) and each dilution was analyzed 4 times (n3 
= 4) in an ELISA plate. 
c. For HPLC analysis, three Oh = 3) aliquots of a single cream sample were extracted 
individually, each extract was analyzed 3 times (n2 = 3) on HPLC. 
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4.3 Correlation between capsaicinoid content and European com borer damage on 
peppers 
The correlation of the capsaicinoid content of hot cherry and sweet green bell 
pepper samples and the damage on these two kinds of field peppers caused by the 
European com borer (ECB) is given in Figure 25. The capsaicinoid content in these 
peppers was obtained by both ELISA and HPLC methods with the ELISA results being 
used in the above correlation with insect damage. ELISA data of capsaicinoid content in 
hot cherry peppers and in bell peppers were listed above (Table 4). On the last harvest 
date (September 10, 1996), the proportions of damaged fruits by ECB were 20% and 
56% for bell peppers with and without the application of biological pesticide (B.t.), they 
were much lower for hot cherry peppers, at 0% and 12% respectively. 
Ill 
Figure 10. ELISA standard curve for capsaicin. (The points represent the mean and 
standard deviation from four determinations). 
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Figure 11. ELISA standard curve for dihydrocapsaicin. (The points represent the mean 
and standard deviation from four determinations). 
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Figure 12. ELISA standard curve for capsaicin and dihydrocapsaicin in terms of 
inhibition. (The points represent the mean and standard deviation from four 
determinations. The absorbance (A) values were converted to %Inhibition values for 
normalization according to the formula: % Inhibition =100{ l-[(A-Abiank)/(ACOntror 
Ablank)]})* 
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Figure 13. Cross-reactivity of dihydrocapsaicin to anti-capsaicin antiserum CY 3. (The 
points represent the mean and standard deviation from four determinations). 
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Figure 14. Cross-reactivity of capsaicin to anti-dihydrocapsaicin antiserum CY 5. (The 
points represent the mean and standard deviation from four determinations). 
120 
In
hi
bi
tio
n 
(%
) 
100 
80 - 
60 - 
40 
20 - 
■ Dihydrocapsaicin, is0=3.96 ng/well 
9 Capsaicin, .03 ng/well 
Cross-reactivity = 98.2% 
0.01 0.1 10 100 1000 
Capsaicin or Dihydrocapsaicin (ng/well) 
121 
Figure 15. Lack of cross-reactivities of possible interfering substances in peppers to 
anti-capsaicin antiserum CY 3. (The points represent the mean and standard deviation 
from four determinations). 
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Figure 16. Improved ELISA standard curve for capsaicin. (The points represent the 
mean and standard deviation from four determinations). 
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Figure 17. Standard curves of capsaicin and dihydrocapsaicin for HPLC detection. (The 
points represent the mean and standard deviation from three determinations). 
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Figure 18. Effect of the sample dilution factor on the ELISA detection of capsaicinoids 
in dry red pepper samples. (The points represent the mean and standard deviation from 
four determinations). 
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Figure 19. Comparison of the determination of capsaicinoids in dry red pepper samples 
using ELISA and HPLC. (The points for the ELISA represent the mean and standard 
error of means from 12 determinations. The points for the HPLC analysis represent the 
mean and standard deviation from three determinations). 
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Figure 20. Effect of sample dilution factor on ELISA detection of capsaicinoids in two 
kinds of fresh pepper samples, hot banana and cherry peppers. (The points represent the 
mean and standard deviation from four determinations). 
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Figure 21. Comparison of the determination of capsaicinoids in fresh hot banana pepper 
samples using ELISA and HPLC. (The points for ELISA represent the mean and 
standard error of means from 12 determinations. The points for HPLC represent the 
mean and standard deviation from three determinations). 
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Figure 22. Comparison of the determination of capsaicinoids in fresh hot cherry pepper 
samples using ELISA and HPLC analysis. (The points for the ELISA represent the mean 
and standard error of means from 12 determinations. The points for the HPLC analysis 
represent the mean and standard deviation from three determinations). 
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Figure 23. Effect of the sample dilution factor on ELISA detection of capsaicinoids in 
two kinds of pharmaceutical products, Zostrix and Capzacin.HP pain relief creams. . 
(The points for the ELISA represent the mean and standard error of means from 12 
determinations). 
138 
C
ap
sa
ic
in
oi
ds
 
(%
) 
0.20 
0.15 
0.10 
0.05 - 
0.00 
i 
Capzacin.HP (0.075% Capsaicin) 
Zostrix (0.025% Capsaicin) 
I 
ft i 
i 
0 100 200 300 400 500 
Sample Dilution Factor (fold) 
139 
Figure 24. Comparison of the determination of capsaicinoids in two kinds of 
capsaicinoid-containing pain relief creams, Zostrix and Capzacin.HP, by the ELISA and 
HPLC analysis. (The points for ELISA represent the mean and standard error of means 
from 12 determinations. The points for HPLC represent the mean and standard deviation 
from three determinations). 
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Figure 25. Correlation of pepper damage by European com borers and capsaicinoid 
content in peppers. (The error bars represent standard errors of means of 12 
determinations. Capsaicinoids were non-detectable in bell peppers). 
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CHAPTER V 
DISCUSSION 
5.1 Development of an immunoassay for capsaicinoids 
5.1.1 Antigen preparation for capsaicin and dihvdrocapsaicin 
5.1.1.1 Choice of carrier molecule for capsaicin and dihvdrocapsaicin 
Capsaicin and dihydrocapsaicin do not cause an immune response because of 
their small size (Mr: 305 for capsaicin, and 307 for dihydrocapsaicin). Generally, 
molecules of greater than Mr 10,000 are considered immunogenic. Capsaicinoids, 
therefore, had to be covalently attached to a large carrier molecule in order to meet the 
Mr requirement for an immunogen. The immunogen structure also has to meet a number 
of requirements to provide for the highest probability of producing antibodies in 
animals. These requirements are: a) that the capsaicinoid molecules should be presented 
to the animal in their native form; b) that the carrier molecule for capsaicinoid should be 
large enough to be seen as a foreign entity; c) that the carrier molecule should possess 
many sites for covalent attachment of the capsaicinoid; and d) that the concentration of 
capsaicin on the carrier molecule should be high enough to present many molecules of 
capsaicinoid to the animal’s immune system (Hammock and Mumma, 1980; Mei, 1988; 
Harrison et al., 1991; Goodrow et al., 1995). 
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Human serum albumin (HSA) and bovine serum albumin (BSA) were chosen 
for a number of reasons. They have been used successfully as carrier molecule for small 
molecules such as pesticides (Hammock and Mumma, 1980; Mei and Yin, 1991), and 
insect juvenile hormones (Strambi, 1981), etc.. HSA and BSA have large numbers of 
free amino residues available (99 and 97, respectively) for the covalent attachment of 
capsaicinoid (Jacobson et al, 1972; Meloun et al, 1975;). Lysine has been found to be 
of the major amino acid which provides most of these free amino residues in HSA and 
BSA (Jacobson et al., 1972). There is still no consensus on the optimum number of 
haptens needed to obtained high antibody titer and specificity. However, low numbers 
of hapten molecules colvalently bound to the protein will have little chance to give high 
antibody titers and specificity (Hammock and Mumma, 1980). BSA and HSA have also 
been shown to be very soluble in aqueous solution when heavily loaded with hapten. 
5.1.1.2 Choice of coupling site in the capsaicin and dihvdrocapsaicin molecules 
The conjugation of capsaicin to a protein requires that a reactive functionality on 
capsaicinoid be formed prior to its reaction with the free amine groups on the protein. 
The site of conjugation to the protein will greatly affect the nature of the antibodies 
raised against the resulting immunogen. Antibody specificity is highest for the part of 
the molecule distal or furthest from the carrier protein (Hammock and Mumma, 1980; 
Harrison et al, 1991; Goodrow et al., 1995). This knowledge has frequently been 
utilized to develop immunoassays which will, on one hand, detect general classes of 
compounds which have common functionality, and to develop other assays which are 
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highly specific. In a hypothetical system (Figure 26), three similar molecules are 
represented. If molecule I is used as a hapten and it is conjugated to the protein through 
functionality b, the resulting antibody population is likely to cross-react with the closely 
related molecule II and IE. Such an antibody population might find utility in developing 
an assay to the class of compounds represented by molecules I, n, and IE. Alternately, if 
molecule I is conjugated through functionality a, the resulting antibody population is 
likely to be able to distinguish molecule I from the other two molecules. Thus the 
antibody will be useful for a specific assay of molecule I with minimal interference from 
related compounds E and IE (Hammock and Mumma, 1980). 
The importance of the site of conjugation of a hapten to a protein has been 
demonstrated many times with steroids and pharmaceuticals such as the barbiturates 
(Flynn and Spector, 1972), the insecticide s-bioallethrin (Wing and Hammock, 1979), 
and many other pesticides (Harrison et al, 1991; Goodrow et al., 1995). 
Generally, a capsaicinoid molecule could be divided into three parts: aromatic 
ring (A), amide (B) and fatty acid side chain (C) (Figure 27). Theoretically, coupling 
between capsaicinoid and protein could be designed to originate from any one of these 
three parts. The major differences among all the capsaicinoids are the fatty acid side 
chain (part C). E a class-selective assay for all capsaicinoids was desirable, the coupling 
site could be best located at or near a position that differentiates members (part C) of the 
class and exposed features common to the class (parts A and B). E a single chemical 
structure within a class of capsaicinoids was hoped to be detected, for example, 
individual detection of capsaicin and dihydrocapsaicin, the coupling position should be 
at a distal part (part A), away from any unique determinant groups (part C). 
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Figure 26. Illustration of the importance of hapten selection on immunoassay specificity. 
(A hapten molecule (I) coupled to a protein through functionality “a” would be 
expected to raise an antibody useful for an assay of molecule I but not II or III. A 
hapten molecule (I) coupled to a protein through functionality “b” would be likely to 
raise an antibody useful for the assay of the class of molecules represented by I, II, or 
III). (Revised from Hammock and Mumma, 1980). 
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Capsaicin and dihydrocapsaicin were both target compounds in this research, 
and it was hoped to detect them individually. Therefore, the aromatic ring of part A, 
which is a common feature to the whole class of capsaicinoids, was used to couple with 
protein, thus, extending their unique fatty acid side chains (part C) to maximize their 
exposure for antibody binding. 
Figure 27. Structural regions of capsaicinoids 
The results of the cross-reactivities of CY3 and CY5 antisera to 
dihydrocapsaicin and capsaicin showed that the antibodies produced according to the 
above scheme, opposite to expectations, could not distinguish between capsaicin and 
dihydrocapsaicin. One of the reasons for this inability to distinguish the two major 
capsaicinoids might be that the difference of the C=C double bond and its 
corresponding C-C single bond is not sufficient to arouse the production of antibodies 
with the required specificity. Examination of the 3-D molecular models of these two 
haptens (Figure 28) provides support for this speculation. Further calculation of 
configurational differences should provide more evidence on this point. 
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Although the antibodies produced in this research could not distinguish 
capsaicin and dihydrocapsaicin, they could be used to approximate the total 
capsaicinoids in peppers. They can also be used in medical research when only 
capsaicin or dihydrocapsaicin is to be used. 
Figure 28. Three-dimensional models of the structures of capsaicin- and 
dihydrocapsaicin-hapten (Chem3D, CambridgeSoft Corporation, Cambridge, MA). 
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5.1.1.3 Choice of a spacer for capsaicin and dihydrocapsaicin 
The spacer arm length and structure should be chosen carefully to reduce 
undesirable spacer recognition, while retaining specificity for the target molecule. 
Functional groups in the spacer arm should be avoided, if possible, to minimize spacer 
recognition. Alkyl spacers appear to fulfill such requirement; Heteroatoms appear 
undesirable. This is borne out by several examples. In the assays for the two pesticides 
molinate and EPTC (Gee et al., 1988, 1991), antibodies against alkyl spacer produced 
high titer antibodies which could not be used because spacer recognition was too strong. 
Aminotriazole haptens (Harrison et al., 1991) conjugated using the heterobifunctional 
reagent MBS (maleimidobenzoic acid N-hydroxysuccinimide) produce antibodies 
which bind the homologous hapten-protein conjugate, but do not recognize the target 
analyte. This result indicates recognition of the bulky and distinctive MBS spacer group. 
The length of the spacer arm may also be an important factor as shown by 
studies of the immunogenicity of haptens bound to liposomes. Liposomal 
immunogenicity is dependent on an optimal distance separating the hapten from its 
hydrophobic anchor within the liposome bilayer (Kinsky et al, 1984). Liposomes that 
contain no spacer or contained a twelve-carbon spacer are non-immunogenic, in contrast 
to the maximum immune response induced by liposomes containing a six-carbon 
spacer. A similar result has been found for hapten bound to avidin, a basic glycoprotein 
of Mr 16,000 (Scott et al., 1984). Hapten-avidin complexes lacking a six carbon spacer 
group fail to induce an antibody response against the hapten. Spacer length has also 
been shown to affect assay sensitivity in several examples given below, primarily for the 
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use of alternative haptens in ELISA with antibodies against other haptens. In one assay 
for the s-triazines (Harrison et al, 1991), the use of a hapten with a reduced length 
spacer ((CH2)s less than the long alkyl spacer of immunizing hapten) increases ELISA 
sensitivity 100 fold over the homologous system (i.e., the identical hapten-protein 
complex is used as both coating antigen and injected immunogen). In assays for 
molinate, thiobencarb and EPTC (Gee et al, 1988; 1990), antibodies against short chain 
alkyl acid haptens produce no inhibition in homologous assay systems, but give 
acceptable sensitivities when the spacer length of the coating antigen is increased by 
three carbons (i.e., (CH2)3). 
Based on extensive research, a spacer arm of 4-6 carbons is found desirable for 
most small molecules (Hammock and Mumma, 1980; Harrison et al, 1991; Goodrow et 
al, 1995). Since capsaicinoid molecules contain several functional groups , such as an 
aromatic ring, amide group, etc., which could cause an immune response, a conjugate 
between protein and capsaicinoid without any spacer arm might not hinder all the 
immune response. However, a proper spacer arm might still help to produce more 
specific and more sensitive antibodies. Such considerations led to the insertion of a 5- 
carbon alkyl spacer between the capsaicinoids and the carrier molecule. Results 
described here indicated that this spacer length might be appropriate, because the 
antisera obtained showed good sensitivity and specificity against the capsaicinoids. 
However, possible effects from lack of spacer or spacer lengths were not the objective 
of this thesis. 
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5.1.1.4 Synthesis Jlparboxvlic acids for capsaicin- and dihvdrocapsaicin-spacer 
The carboxylic group is an important residue for the synthesis of antigens. 
However, it is so reactive that protecting groups are needed during the conjugation 
process. There are many protecting groups available for carboxylic acid protection. 
Methyl ester protection is often used (Greene, 1981). For the present work, a 
bifunctional material, methyl 5-bromovalerate, was used to introduce an appropriate 
spacer arm. The capsaicin-methyl ester, situated at one end of an alkyl residue, may be 
exposed after reaction at the other extremity with capsaicin or dihydrocapsaicin. 
Hydrolysis under basic conditions is used to remove methyl group from the carboxylic 
acid residue without any side reactions. For GC-MS determination of the organic acid, 
methylation with diazomethane was used. 
5.1.1.5 The use if BIS activated N-flvdroxvsuccinimide ester in the preparation of the 
antigens for capsaicin and dihvdrocapsaicin 
Two of the most commonly used methods of coupling haptens to proteins are the 
use of activated ester derivatives of the haptens, and the use of coupling reagents such as 
carbodiimides. Water soluble carbodiimides such as l-cyclohexyl-3-(2-morpholinyl-4- 
ethyl) carbodiimide methyl p-toluene sulfonate (CMC) or l-ethyl-3-(3- 
dimethylaminopropyl)carbodiimide.HCl (EDC) have been used for the direct coupling 
of carboxylic acids residue with proteins (Hammock and Mumma, 1980; Strambi, 
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1981). These carbodiimides, however, have a tendency to cross link proteins, thereby 
greatly reducing the solubility of the antigen. 
Alternatively, activated ester derivatives can be used for coupling to the protein. 
One of the most common reagents is the N-hydroxysucinimide ester of the immunogen 
acid. N, N’ - dicyclohexylcarbodiimide (DCC) has been used to synthesize the activated 
NHS ester by dehydration. If desired the active ester can be purified (Hammock and 
Mumma, 1980), and is fairly stable under acidic conditions. 
The active capsaicin-spacer-NHS ester and dihydrocapsaicin-spacer-NHS ester 
were synthesized and purified by chromatography, and were identified by ]H NMR and 
IR. Spectral analysis as described in Chapter 4 showed that both esters were formed. 
The reaction between an active NHS ester and a protein such as BSA or HSA 
generally occurs at very alkaline condition (pH 9.5) ( Lauer et al., 1974). However, N- 
hydroxysucinimide esters have been shown to be stable only under acidic conditions, 
and are sensitive to base hydrolysis by degradation. In addition, they are also fairly 
insoluble in aqueous solutions, and in order to solubilize both ester and protein, it was 
necessary to use a mixture of THF:H20 (1:1) and a high pH (9.5). Protein solubility was 
greatly increased at such alkaline pH in the presence of an organic solvent. Such 
conditions, however, would have caused hydrolysis of the NHS ester before it could 
react with the amine groups on the protein (Mei, 1988), therefore cooling in an ice bath 
was used to reduce hydrolysis. In addition large excess of the activated NHS ester of 
capsaicin or dihydrocapsaicin was added to the protein solution (100:1, mol/mol) in 
order to compensate for possible hydrolysis. 
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Furthermore, the pH was lowered to 8.5, and more THF than H20 (1.5:1, v:v), 
was used to further reduce hydrolysis. Over a reaction time of 48 h, the protein 
conjugates were obtained with over 65% of the free amine groups on the protein being 
occupied by capsaicinoid haptens. 
5.1.1.6 Antigen purification and characterization 
Each step in the derivatization process of capsaicin was carefully monitored. All 
intermediates were synthesized and were characterized using TLC, GC-MS, 'H NMR 
and IR. Appendices collect together all chromatograms and spectra for these 
intermediates. 
The antigens were separated from low molecular weight by-products based on 
the large size of the former. Dialysis is an obvious method of separation, but some 
lipophilic molecules pass through dialysis membrane with difficulty. Gel filtration 
provides another convenient method of separation. If the protein is not too badly 
denatured, repeated precipitation with an organic solvent such as ethanol is an excellent 
method of removing lipophilic impurities. For the work described here, simple dialysis 
was used to purify the antigens. 
The most quantitative method of determining the moles of hapten bound per 
mole of carrier protein includes the use of radiolabeled haptens. Other methods include 
monitoring the change in absorbance of the hapten-carrier conjugated in a spectral 
region where the protein does not absorb strongly (Hammock and Mumma, 1980), or 
monitoring reactive groups on the protein, such as the free amino groups, before and 
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after conjugation (Habeeb, 1966). These methods are neither very general nor very 
accurate. However, the development of highly sophisticated mass spectral techniques 
including time-of-flight systems, fast atom bombardment and laser desorption, and 
particularly electrospray offers new approaches for the exact determination of hapten 
loading. Such techniques make the optimization and development of immunoassays less 
intuitive and more quantitative (Straub and Levy, 1994). 
Hapten densities for the capsaicin and dihydrocapsaicin antigens were 
determined using Habeeb’s method because of its simplicity (Mei and Yin, 1991). The 
results showed that 65%-80% of the s-aminolysine groups were conjugated to capsaicin 
and dihydrocapsaicin, and these antigens produced antibodies with high sensitivity and 
specificity. There is still a controversy regarding the optimum number of hapten 
molecules which could be colvalently linked to a carrier molecule and the accuracy of 
analytical method for the determination of hapten density (Hammock and Gee, 1995). 
Antigens carrying either too low or too high hapten load may be inappropriate for the 
production of specific and sensitive antibodies (Hammock and Mumma, 1980). 
5.1.2 Production of antibodies against capsaicin and dihvdrocapsaicin 
The immunogen is usually injected into the recipient animal in Freund’s 
complete adjuvant. This water-in-oil emulsion provides a slow release formulation for 
the immunogen, protects it since it includes dead Mycobacteria, it stimulates the 
immune system. Subsequent booster injections are usually given in adjuvant without the 
Mycobacteria in order to avoid a severe allergic response. The resulting antibody titer in 
the serum is monitored and when it has reached an acceptably high level, blood is 
withdrawn and the serum isolated for use in assay development. 
A modified “conventional” immunization schedule, in which the animal is first 
intravenously injected with immunogen without Freund’s adjuvant, has proved 
effective on the production of antibody with high specificity and high titer (Mei, 1992). 
The work described here was similar to Mei’s in detail (1992), the polyclonal antibodies 
produced according to this schedule showed high titer and specificity toward the 
analytes. However the mechanism behind this immunization schedule is not clear. 
Although the use of monoclonal antibodies has been developed to a high level in 
analytical chemistry, as inexpensive and straight-forward reagents that form the basis of 
many highly specific and sensitive assays, polyclonal antibodies are likely to remain 
popular. The classic method of producing polyclonal antibodies may even be integrated 
into more sophisticated recombinant technologies to overcome the inconsistency of the 
production of the polyclonal antibody. On the other hand, in polyclonal antisera several 
antibodies bind the analyte with different affinities and specificity. The individual 
antibodies differ in their susceptibility to interference by materials in the sample 
matrices. This represents a potential advantage for analyte detection in different system. 
In some cases the multiplicity of recognition systems of a polyclonal serum can actually 
give the analyst greater confidence in the resulting answer (Hammock and Gee, 1995). 
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5.1.3 Protocol development for the immunoassay of capsaicinoids. 
Once antibodies have been raised in quantity and their specificity for capsaicin 
and dihydrocapsaicin have been established, a protocol for immunoassay can be 
developed. The most widely used immunoassays include radioimmunoassay (RIA), 
enzyme immunoassay (EIA), and enzyme-linked immunosorbent assay (ELISA). The 
ELISA method was selected for the work described in this thesis. 
The ELISA method is a widely used, simple, rapid and versatile method of 
measuring either antibody affinity or antigen concentration. The assay is a discontinuous 
solid-phase procedure which usually involves two cycles of three washings and a 
secondary antibody step. The antibody or antigen is conjugated to an enzyme capable of 
converting a chromagenic substrate into a colored product. The sensitivity of the assay 
is very high since the enzyme is capable of converting 500,000 substrate molecules to 
product molecules per minute (Detoma and MacDonald, 1987). A spectrophotometer is 
used to measure the concentration of enzyme present as a result of a competition 
reaction. The enzyme label replaces the radiolabel (RIA), making the assay more 
convenient, safer, and less costly for routine use. 
An ELISA has not been reported for capsaicinoid or any of its analogs, the 
indirect competitive ELISA (Figure 9) was used to determine if antibodies had been 
produced against the capsaicin and dihydrocapsaicin antigens. This type of 
immunoassay may also be modified to measure the concentrations of capsaicinoids. 
Typical data, recorded as optical density (O.D.), from a competition ELISA are 
shown in Figure 10. Competition ELISA data are also often reported as a percentage 
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inhibition (Figure 12) of control activity observed in the absence of analyte using the 
following equation 
(l-(B/Bo)) * 100 
where B0 is the O.D. in a sample known not to contain the analyte and B is the O.D. of 
the unknown sample or analytical standard. However, the data from all competition 
immunoassays results in generation of a standard curve having a sigmoidal shape. The 
linear portions of these curves usually span only a very narrow range (a few logs of 
analyte concentration). A sensitive point on such a curve is the 50% activity or 50% 
inhibition of control (I50) point. To determine cross reactivity of different antigens 
against a certain antiserum, I50 concentrations of different antigens are often compared. 
A typical standard curve produced by working within the linear dose-response 
region uses a logarithmic abscissa and linear ordinate. While these scales are convenient 
to work with, a variety of mathematical transformations have been applied to 
immunoassay data (Brady, 1995). Some of these transforms fit the standard curve very 
well, such as the 4-parameter log fit (r2 is seldom less than 0.99 for the standard curve in 
this research), however, these methods require complicated mathematical calculations, 
expensive computer software, and arduous validation for end-users. 
In order to maintain the simplicity of the method, no transform was carried out 
during this study. This keeps the mathematics to a minimum and makes it easy for end- 
users to verify their results. In this work therefore considerable effort was made to 
develop an assay using a standard curve which had high sensitivity and an acceptable 
working concentration range. Many factors affect the performance of an ELISA assay. 
The amounts of immobilized hapten-protein conjugate and the concentration of the 
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primary anti-analyte antibody were the two major factors to affect assay sensitivity. 
Increased assay sensitivity was observed when lower amounts of reagents were used in 
the assay. The final protocol was selected as previously described in Chapter 3, a 
standard curve being established with a detection limit of 0.1 ng capsaicinoid and a 
working linear range (r2 is often greater than 0.99) of 0.1 ng - 10 ng capsaicinoid. 
Validation of the ELISA according to the standard HPLC method was carried out the 
results indicating that the assay protocol was valid for a number of different samples. 
Since low concentrations of reagents were used, only disadvantage was the need to use 
about one hour longer than general in order to allow the color to be fully developed. 
Antiserum CY3 and CY5 could not recognize capsaicin and dihydrocapsaicin 
individually but had almost the same level of response to both compounds. For that 
reason only CY3 antiserum and capsaicin were used in the assay and the concept of 
“capsaicin-equivalency” was introduced in order to simplify the assay. It is noteworthy 
that “capsaicin-equivalency” is actually almost equal to the capsaicinoid content, 
because antiserum CY3 could detect the two major components of capsaicinoids (the 
total content of capsaicin and dihydrocapsaicin in different pepper samples are around 
or greater than 95% of total capsaicinoid content). Responses of the antiserum to the 
other minor capsaicinoids should be tested in order to collect more accurate data. 
Unfortunately, these minor capsaicinoids are not commercially available and could not 
be synthesized by us because of lack of time and resources. 
The basis of the analyte-equivalent concept lies in the inability of a measuring 
technique to directly measure an analyte. Instead, the concentration of an indicator 
species (capsaicin) is measured. Treating immunoassay results in this fashion is not 
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novel, the analyte-equivalency concept have often been used. Itak et al (1992) used 
“apparent aldicarb concentration” to describe certain ELISA results. Lucas et al (1993) 
described unidentified constituents of urine which generated an immunological response 
as “atrazine-equivalents." This situation is in sharp contrast to that confronting an 
analyst using a conventional chromatographic technique. Therefore, verification of an 
immunoassay by a confirmatory analytical technique is very important, especially for a 
new assay. 
5.2 Quantification of capsaicinoids using immunoassay 
5.2.1 Sample extraction and purification 
Production of an analyte-specific antibody represents only the first step in the 
development of a useful immunoassay. Next, one must overcome the hurdle of possible 
interference and develop an extraction and cleanup method for the matrix of interest. 
These tasks are often formidable for the analysis of a complex natural material such as 
food. In addition, the chemical properties of the analyte (e.g., its lipophilicity) and the 
properties of the antibody will influence the complexity of the extraction/cleanup 
method. However, some general principles can be identified (Skerritt and Rani, 1996). 
First, in order to take full advantage of the simplicity of an immunoassay, an equally 
simple extraction/cleanup method must be devised. Second, since antibodies function in 
aqueous environments under physiological conditions (near neutral pH, 0.15 N salt), 
simple treatments of extract should be made in water-miscible solvents if possible. If 
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water-immiscible solvents must be used for extraction, the final step of the method 
requires removal of the solvent by evaporation and transfer of the residue to 
detergent/buffer or a water-miscible solvent; Third, supercritical fluid extraction (SFE) 
has been actively explored in immunoassay (King and Nam, 1996; Lopez-Avila et al., 
1996), since shorter extraction times are possible as well as more precise recovery of 
analytes present in trace amounts. Finally, it is important to validate an immunoassay 
method against the standard instrumental method using analytes extracted with the same 
solvent and extraction/cleanup method, and ideally with natural analytes as well as 
spiked samples. 
Capsaicinoids have very good solubility in polar solvents, e.g. ethanol, 
methanol, acetonitrile etc.. Therefore, it is easy to find a simple extraction method that 
is compatible with both ELISA and standard HPLC detection. Ethanol (95% or 100%) 
was used as extraction solvent for the work described here. As shown previously it has 
excellent extraction efficiency (Parrish, 1996). Several extraction protocols were 
examined in this study, including the standard refluxing method for dry red pepper (95% 
ethanol extracts of pepper samples were provided by McCormick Co.). Fresh pepper 
samples were soaked in 95% ethanol at room temperature for 30 days, and capsaicin- 
containing pharmaceutical products were shaken in 95% ethanol at room temperature 
for 48 hours. These extraction methods showed various levels of matrix interference to 
the immunoassays. 
164 
In immunoassay, matrix effects are highly dependent on several factors such as 
the nature of the sample being tested; i.e., the content of lipids, proteins and polyphenol 
that may be co-extracted during sample preparation; the solvent used for extraction; 
assay format etc.. Generally, matrices that require more clean-up during instrumental 
analysis also usually require more sample cleanup for immunoassay. Several methods 
could be used to solve the matrix interference problem. It is possible to avoid matrix 
cleanup and analyze the samples with respect to a standard curve prepared by an extract 
of analyte-free matrix. However this matrix must be exactly the same as the actual 
sample. Another approach is based on spiking extracts of each sample with a constant 
level of analytes, and then analyzing both spiked (constant level) and unspiked extracts 
(Skerritt and Rani, 1996). Sometimes, addition of protein or detergents to the assay 
diluent can overcome matrix interference. An even simpler approach, which takes 
advantage of the high sensitivity of many immunoassays, is simply to dilute the sample 
extracts more extensively before the assay is performed. 
Since the immunoassay for capsaicinoids developed had high sensitivity, the 
simple dilution method to minimize matrix interference was used for this work. For 
pepper samples, since refluxing the extraction solvent would pick up more unwanted 
than soaking extraction, it is reasonable to expect the former method would present 
greater matrix interference. Extracts obtained by refluxing extract should be diluted 
800- to 1000-fold for the removal of such effects, whereas the soaking method required 
only a 600-fold dilution. Since the matrices obtained from pharmaceutical products 
were much simpler than those from plants, only 200-fold dilution was needed for the 
assay. 
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The extraction of capsaicinoids from different matrices is still a challenge. The 
standard method of refluxing extraction from pepper might not provide an efficient 
system for capsaicinoids. Even the acceptable recovery data might not reflect the real 
situation because the capsaicinoids present in plant tissues, however, spiked 
capsaicinoids are often put outside the tissues. The results of supercritical CO2 
extraction (Yao et al., 1994) of Scotch Bonnet pepper indicate that it contains 3.2 and 
0.5% of capsaicin and dihydrocapsaicin, respectively, however, only 0.5 and 0.09% 
capsaicin and dihydrocapsaicin have been found in the same sample by using organic 
solvent extraction. 
The present thesis work focused on the validation of a newly established ELISA 
analysis of capsaicinoids relative standard instrumental methods. The capsaicinoid 
extraction process itself is not our objective. However, it must be kept in mind that 
extraction is very important for sample analysis, and further research should be carried 
out in this field. 
In order to determine what might be the major interference in the pepper 
matrices examined here, the cross-reactivities of several major contents in pepper or the 
intermediates of biosynthesis of capsaicinoids, including p-carotene, vanillin, L- 
leucine, and L-valine, were tested. None of these materials was found to have cross¬ 
reactivity to CY3 antiserum. The cross-reactivities of other components in matrices 
were not investigated. 
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5.2.2 ELISA analysis of capsaicinoids in various samples 
Immunoassay offers many practical advantages over other traditional 
instrumental analyses especially when large numbers of samples need to be examined. 
But acceptance of ELISA depends upon several factors, including demonstration of its 
quality and validity compared to more traditional methods. Several characteristics of the 
ELISA developed here for capsaicinoids are discussed below. 
Assay sensitivity can be regarded as involving two factors: the limit of detection 
(LOD), the lowest concentration (or dose) of analyte that can be determined to give a 
response statistically different from that of the blank, and the limit of quantification 
(LOQ), the level above which quantitative results may be obtained with a specific 
degree of confidence (Brady, 1995). The LOD can be viewed as a theoretical limit while 
the LOQ is the practical, working limit. Several methods have been used to determine 
the LOD and LOQ (Brady, 1995). A simple method was selected for this assay. The 
LOD of the ELISA for capsaicinoids was 0.05 ng, which would by definition default to 
the dose of the smallest standard capsaicin, which gave a response that was statistically 
different from the response of the zero dose. The LOQ of this assay was 0.1 ng, which 
was the smallest dose giving a linear response. Since samples had various levels of 
matrix interference, the concentration expression of both sensitivity parameters in terms 
of samples was hard to give, however, the ELISA developed here could detect lower 
levels of capsaicinoids than HPLC because of its higher sensitivity. 
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5.2.3 Comparative! study between ELISA and HPLC analysis of capsaicinoids in 
different samples 
Comparative study between HPLC and ELISA suggested that the accuracy and 
precision of the latter were acceptable. The results also indicated that individual 
concentrations detected by ELISA were close to the values detected by HPLC. The 
results of three-replicate analysis of samples showed that coefficient of variations (% 
cv) were less than 15%. 
Correlation experiments were performed by analyzing the same samples by both 
ELISA and the standard HPLC method. Comparison of two methods for a series of 
samples is given in Figures 19, 21, 22, and 24. For convenience of discussion, the data 
were tabulated as follows (Table 4): 
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Table 6. Comparison of capsaicinoid analysis by ELISA and HPLC 
Parameters ELISA HPLC 
Correlation Equation1 
and Correlation 
Coefficient (r2) 
2 y = -1.55 + 1.12x; 0.934 
3 y = -0.00685 + 1,50x; r2 = 0.846 
4 y =-0.504 + 1.49x r2 = 0.735 
5 y = -0.00331 + 1.14x 0.946 
Average CV (%) 2 12.80 2 3.18 
3 11.22 3 22.95 
4 6.44 4 3.96 
5 9.32 5 9.09 
Notes: 1 HPLC results were plotted on the x axis and ELISA on the y axis; 
2 Dry red pepper samples; 3 Hot banana pepper samples; 
4 Hot cherry pepper samples;5 Pain-relief cream. 
The correlation equations were different for the samples that yielded regression 
lines, indicating that analysis of pain-relief cream samples has the least bias by ELISA. 
The equation for these pharmaceutical samples was y = -0.00331 + 1.14x, which 
approximated the ideal equation (y = x), and also showed the best correlation coefficient 
value (r2 = 0.946). This is reasonable because pharmaceutical products have lesser 
matrix interference than plant tissues. Since the slopes of all equations were greater than 
1.0, it could be suggested that in this study the total capsaicinoids might be detected by 
ELISA, however only capsaicin and dihydrocapsaicin were analyzed by HPLC. Thus, 
the values obtained from ELISA were slightly larger than those obtained by HPLC in 
most cases. 
Most of the coefficients of variation (CV%) for both methods were less than 
15% (Table 4), thus the reproducibilities for both ELISA and HPLC were acceptable 
(Brady, 1995) except for the HPLC analysis of hot banana pepper. Most CV% values 
of ELISA were slightly larger than for HPLC, however, this range of CV% was 
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generally acceptable according to current standards. The inconsistent results for hot 
banana peppers might stem from the fact that these samples contained too little 
capsaicinoid to be detected accurately by HPLC (the capsaicinoid content nearly 
approached the limit of detection). In contrast, ELISA resulted in lower CV% than 
HPLC (11.22% vs. 22.95%) because the low capsaicinoid content was still well within 
the detection limit of the ELISA. 
It was interested to note that incorrect labels were found on the pain-relief 
creams. According to the labels of both creams claimed to contain “capsaicin” or 
“purified capsaicin”. But in fact, the label should mention “capsaicinoids” because both 
creams contained at least three capsaicinoids according to the HPLC results. Moreover, 
the ELISA and HPLC results indicated that the Capzasin.HP, instead of containing 
0.075% capsaicin as the label claimed, actually showed 0.105% ± 0.005% (ELISA) 
and 0.094% ± 0.004% (HPLC) capsaicinoids respectively. The label was incorrect, even 
if only capsaicin was considered because HPLC detected only 0.061% ± 0.003% of 
capsaicin in this cream. In contrast, both the ELISA and HPLC estimations of 
capsaicinoids matched the labeled content of another cream (Zostrix) reasonably well. 
The cream was labeled at containing 0.025% of capsaicin which was close to the 
0.0255% ± 0.013% and 0.0260% ± 0.003% capsaicinoids as determined by ELISA and 
HPLC, respectively. 
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5.3, Relationship of capsaicinoid content and European corn borer damage on peppers 
5.3.1 Pepper damage caused by European com borer in the field 
European com borer (ECB) is a serious pest of peppers, especially for sweet bell 
peppers. However, there is reason to believe that hot cherry peppers are less susceptible 
to ECB than bell peppers. Jarvis and Guthrie (1972) found that different cultivars of 
peppers which are artificially infested with ECB eggs show differences in fruit 
infestation which correlated with pungency. Sweet bell peppers were infested the most 
(73.0%) and very pungent peppers the least (12.1%), with moderately pungent varieties 
showing intermediate levels of infestation by ECB. Laboratory studies by the same 
investigators also showed that capsaicin added to artificial diets at the levels found in 
hot peppers is toxic to ECB larvae. Hazzard (1997) found low levels (< 7%) of 
infestation in unsprayed cherry peppers, even late in the season when ECB infestations 
are typically high. However, this experiment did not include a direct comparison with 
bell peppers. If hot peppers are less susceptible to ECB than sweet bell peppers, it may 
be possible to use higher action thresholds or longer spray intervals than those used in 
bell peppers, and still achieve satisfactory levels of control. 
The present study was undertaken to assess the difference in damage from ECB 
in bell and cherry peppers, and to determine if a twice weekly application of a microbial 
insecticide. Bacillus thuringiensis ssp kurstaki (Bt.) would control ECB sufficiently to 
meet market standards. The market tolerance in processing peppers is one caterpillar per 
truckload — essentially, zero. If capsaicinoid content in both species of peppers could be 
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correlated to the pest damage caused by ECB, capsaicinoids might be used to control 
ECB, and a quantitative relationship between pest suppression and capsaicinoid content 
might be established. 
5.3.2 Relationship of insect damage and capsaicinoid content in peppers 
Capsaicinoid content of sweet bell pepper and hot cherry pepper were 
determined by using ELISA and HPLC. A comparison of capsaicinoid content of these 
two peppers with the pepper damage caused by ECB is shown in Figure 25. Results 
indicated that there were significantly lower levels of ECB damage in hot cherry 
peppers as compared to sweet bell peppers (damage of 12.5% vs. 55.6% at the final 
harvest date). Sweet bell pepper samples had no detectable capsaicinoids, while hot 
cherry pepper contained 1.26 mg capsaicinoids/g dry weight. Bt application also 
significantly reduced ECB damage in both bell and hot cherry peppers. The best Bt 
control was achieved in the hot cherry peppers, which were completely free of ECB 
damage on harvest date. Bt-sprayed bell peppers were 20% infested at the final harvest 
date. 
The present results must be considered to be preliminary. Samples were taken at 
the final harvest date this season, and their capsaicinoid content was determined by both 
ELISA and HPLC. The results suggest a relation between capsaicinoid content and 
insect damage. Further studies should determine the toxicological effect of 
capsaicinoids on ECB and determine whether the lower susceptibility found for hot 
cherries is entirely the result of capsaicinoid content, or related to other factors such as 
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size, shape, or the number of fruits per plant. Nevertheless, the present results point 
clearly to a strategy of ECB control for peppers. Since Bt-sprayed hot cherry peppers 
were free of ECB damage, capsaicinoids (hot pepper extracts) and Bt might be used 
jointly to control ECB on sweet bell peppers. Both capsaicin and Bt are environmentally 
safe. 
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5.4 Summary of results 
1. Capsaicin and dihydrocapsaicin have been made immunogenic by their 
coupling to a carrier protein. 
2. The hydroxyl group of phenol in capsaicin and dihydrocapsaicin was selected 
as the coupling site because it is located at the other end of the molecule away from the 
domain that differs between capsaicin and dihydrocapsaicin. A five carbon spacer was 
inserted between capsaicin or dihydrocapsaicin and the protein. The capsaicinoid-spacer 
complex carried a protected carboxylic acid in the form of a methyl ester. Subsequent 
hydrolysis turned this ester to free acid. 
3. The active N-hydroxysuccinimide ester method was used to couple the 
capsaicin and dihydrocapsaicin haptens to the protein. 
4. Human serum albumin and bovine serum albumin were used as carrier 
proteins. At least 63% of the e-aminolysine groups of those proteins were conjugated to 
capsaicin and dihydrocapsaicin with the protein remains soluble in the saline at these 
densities of haptens. The complete synthetic process for the production of the capsaicin 
and dihydrocapsaicin antigens are summarized in Figures 29, 30. 
5. The antibodies produced recognized both capsaicin and dihydrocapsaicin 
equally well. 
6. An enzyme-linked immunosorbent assay (ELISA) was successfully 
established for the analysis of capsaicinoids at sub-nanogram level. The analytical 
standard such as the limit of detection, linear range of the standard curve, and 
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coefficient of variance for replicate analysis, etc. were within the acceptable permits of 
this type of assay. 
7. The ELISA developed was successfully applied to the analysis of 
capsaicinoids in different matrices, including peppers and pain-relief creams. Simple 
dilution was employed to minimize the effect of matrix interference because of the high 
sensitivity of the assay itself. 
8. The correlation and reproducibility for the ELISA were acceptable when 
compared to the standard HPLC method. 
9. None of tested matrix components and intermediates of capsaicinoid 
biosynthesis had cross-reactivities to the antibodies. Further investigation should be 
made when additional capsaicinoid analogs become available. 
10. The capsaicinoid content in peppers as detected by both ELISA and HPLC 
were inversely correlated to the level of insect damage caused by European com borers. 
This observation might lead to a strategy for insect control involving application of 
capsaicinoids. 
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Figure 29. Synthesis of capsaicin antigens 
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Figure 30. Synthesis of dihydrocapsaicin antigens 
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APPENDIX 
GAS CHROMATOGRAPHIC PLOTS, 
HIGH PRESSURE LIQUID CHROMATOGRAPHIC PLOTS, 
MASS SPECTRA, 
INFRARED SPECTRA 
AND 
NUCLEAR MAGNETIC RESONANCE SPECTRA 
180 
181 
r
 o
o
o
o
o
oi
 
o O o o o o o o O O 
o O o o o o o o O 
o O o o o o o Q O A 
o O o o o o o O O 1 
o o o o o o o O O 1 
<T\ CO VO in m CN rH N 
£ 
o 
JC 
4—> 
C 
•o 
V 
c 
*3 
«—> 
X) 
o 
W5 
U 
3 
T3 
183 
184 
185 

Figure A-4. GC-MS (HP 2010) of the mixture of synthetic products obtained in the 
reaction leading to the formation of the capsaicin-spacer-acid. 
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Figure A-5. GC-MS (HP 2010) of the mixture of products obtained by derivatization of 
capsaicin-spacer-acid with diazomethane. 
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Figure A-9. GC-MS (HP 2010) of standard dihydrocapsaicin (Sigma, Mr: 307). 
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Figure A-10. GC-MS (HP 2010) of the mixture of synthetic products obtained in the 
reaction leading to the formation of the dihydrocapsaicin-spacer-ester. 
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Figure A-l 1. GC-MS (HP 2010) of the synthetic dihydrocapsaicin-spacer-ester (Mr: 
421). 
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Figure A-12. GC-MS (HP 2010) of the mixture of products obtained in the reaction 
leading to the formation of the dihydrocapsaicin-spacer-acid. 
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Figure A-13. GC-MS (HP 2010) of a mixture of products during derivatization of 
dihydrocapsaicin-spacer-acid with diazomethane. 
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Figure A-14. GC-MS (HP 2010) of dihydrocapsaicin-spacer-ester (Mr: 421) obtained by 
derivatization of dihydrocapsaicin-spacer-acid with diazomethane. 
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Figure A-17. HPLC chromatogram (Varian 5000 with a 250 mm x 4.6 mm C18 column 
and UV detector at 280 nm) of capsaicin and dihydrocapsaicin in the 95% ethanol 
extracts of dry red pepper samples. 
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Figure A-22. HPLC chromatogram (Varian 5000 with a 250 mm x 4.6 mm Cl8 column 
and UV detector at 280 nm) of capsaicin and dihydrocapsaicin in the 95% ethanol 
extract of a capsaicin-containing pain-relief cream: Capzasin.HP (0.075% capsaicin). 
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